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In Part 1, we demonstrate the fabrication of organic light-emitting devices 
(OLEDs) with precisely patterned pixels by the spin-casting of Alq3 and rubrene thin 
films with dimensions as small as 10　m.  The solution-based patterning technique 
produces pixels via the segregation of organic molecules into microfabricated channels or 
wells.  Segregation is controlled by a combination of weak adsorbing characteristics of 
aliphatic terminated self-assembled monolayers (SAMs) and by centrifugal force, which 
directs the organic solution into the channel or well.  This novel patterning technique may 
resolve the limitations of pixel resolution in the method of thermal evaporation using 
shadow masks, and is applicable to the fabrication of large area displays.  Furthermore, 
the patterning technique has the potential to produce pixel sizes down to the limitation of 
photolithography and micromachining techniques, thereby enabling the fabrication of 
high-resolution microdisplays.  The patterned OLEDs, based upon a confined structure 
with low refractive index of SiO2, exhibited higher current density than an unpatterned 
OLED, which results in higher electroluminescence intensity and eventually more 
efficient device operation at low applied voltages.  We discuss the patterning method and 
device fabrication, and characterize the morphological, optical, and electrical properties 
of the organic pixels.  
In part 2, we demonstrate a new growth technique for organic single crystals based 
on solvent vapor assisted recrystallization.  We show that, by controlling the polarity of 
the solvent vapor and the exposure time in a closed system, we obtain rubrene in 
orthorhombic to monoclinic crystal structures.  This novel technique for growing single 
crystals can induce phase shifting and alteration of crystal structure and lattice parameters.  
The organic molecules showed structural change from orthorhombic to monoclinic, 
which also provided additional optical transition of hypsochromic shift from that of the 
 
 
orthorhombic form.  An intermediate form of the crystal exhibits an optical transition to 
the lowest vibrational energy level that is otherwise disallowed in the single-crystal 
orthorhombic form.  The monoclinic form exhibits entirely new optical transitions and 
showed a possible structural rearrangement for increasing charge carrier mobility, making 
it promising for organic devices.  These phenomena can be explained and proved by the 
chemical structure and molecular packing of the monoclinic form, transformed from 
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The basic outline of this chapter is as follows.  In part 1, the motivation, 
hypothesis, and specific aims are presented.  This research employs a novel solution-
based patterning technique to fabricate high resolution organic light emitting devices 
(OLEDs).  In the background section, both the fundamental theory of OLEDs and 
advanced processing methods for patterning OLED pixels are discussed.  In the 
experimental section, the device design, fabrication, and experimental methods are 
presented.  The novel patterning technique and device fabrication will be described in 
detail in the experimental section.  In the result and discussion section, the optoelectric 
performance of the OLEDs is discussed.  The result will be summarized and future work 
to improve device performance using this technique is discussed. 
The basic outline of part 2 is as follows.  In part 2, the motivation, hypothesis, and 
specific aims to pursue this study are presented.  This research employs a novel solvent 
vapor assisted recyrstallization technique to grow single crystal for application of organic 
semiconductor devices.  In the background section, both the fundamental theory of 
single crystal of organic semiconductor and organic field effect transistors (OFETs) are 
discussed.  In the experimental section, sample preparation, crystallization, and 
characterization methods are presented.  This solvent vapor recrystallization technique 
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and its characterization proving crystalline structure will be described in detail in the 
experimental section.  In the results and discussion section, the optoelectronic 
performances of single crystal are discussed.  The result will be summarized and future 
work to understand physical mechanisms and improve device performance using this 
technique is discussed. 
 
1.2 Motivation 
Recent progress in organic electronics open new perspectives as an alternative to 
traditional inorganic based semiconductor devices.  Organic materials have been studied 
widely to develop the materials into active electronic and optoelectronic devices, 
including light emitting diodes (OLED),1 lasers,2 photodetectors,3 optical modulators4, 
and field effect transistors (OFET).5 
 
1.2.1 High Resolution Patterning for Organic Light Emitting Devices 
The market for flat panel displays has grown dramatically, due primarily to their 
demand in portable electronic devices and large displays, reaching $130 billion in 2009, 
and the flat panel display market is predicted to increase to over $137 billion by 2012 
(Figure 1.1).6  Presently, the dominant display technology is liquid crystal (LCD). 
However, organic light emitting devices (OLEDs) promise to be a new generation in the 
flat panel display market since organic displays can be fabricated on flexible substrates 
and hold the potential for reduced manufacturing cost, positioning them to be the 
dominant alternative to LCDs and conventional lighting devices.  In addition, OLEDs 
have advantages over LCDs such as wider viewing angles, better emission quality, higher 




Figure 1.1. Outlook of the overall flat panel display market.6 
 
Alternatively, OLEDs are attractive as low cost alternatives for numerous 
applications, including full color displays and microdisplays.8  The revenue of OLED is 
expected to increase to up to three billion dollars by 2012.  The main applications of 
OLEDs are portable devices including portable multimedia players (PMPs) and mobile 
phones.  Figure 1.2 shows that demands of PDPs and mobile phones are gradually 
increasing and occupying a large portion of the display market.  This chart also 
interestingly indicates that there is an increasing demand for microdisplays (subdisplay 
near the eye) even though that portion of the market is smaller than for portable devices.6  
OLEDs promise to usher in a new generation of high resolution micro- and nanodisplays 
since they operate with high efficiency at low drive voltage, and theoretically the 
maximum electroluminescence (EL) efficiency may exceed over 15%.  One of the major 




Figure 1.2. Outlook of OLEDs in applications for flat panel displays.6 
 
resolution pixelated displays with the retention of optimal materials properties. 9   
Accordingly, the development of low cost and large area patterning techniques with high 
resolution is desired. 
 
1.2.2 Properties of Organic Single Crystal for Optoelectronic Devices 
In particular, OFETs are being pursued as low cost alternatives for numerous 
electronic applications such as digital circuits, RFID, and flat panel displays due to their 
unique advantages such as large area coverage, structural flexibility, low temperature 
processing, and potentially low fabrication cost.  The silicon chip requires the use of 
complex and expensive processes (e.g., photolithography and vacuum deposition) that are 
often carried out at high temperatures, must be performed in an ultraclean environment, 
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and are limited in size to 12 inch silicon wafers. Although the performance of the organic 
transistor is much inferior to inorganic transistor, the OFET can be properly operated on 
switching devices for active matrix flat panel displays (AMFPDs), active matrix organic 
light emitting devices (AMOLEDs) ,10 electronic paper displays,11 field effect type 
sensors,12 low end smart cards, and radio frequency identification tags (RFIDs)13 and 
these advantages are unimaginable to attain with inorganic semiconductor materials.   
OFETs require a high charge carrier mobility which determines how fast RGB 
pixels turn on and off, which can reduce the after image in display operations.14  The 
most important property of thin film transistor (TFT) is charge carrier transport among 
organic semiconductor molecules since this current flow between source and drain 
electrodes is modulated by charge carrier accumulation at the semiconductor/insulator 
interface resulting from an applied gate voltage.  Therefore, pure crystallinity is a 
decisive factor in the performance of OFET devices since crystalline structure eliminates 
grain boundaries and the concentration of charge traps in the device with impurities.15  
However, presently, OFETs operate at low switching rates due to the low charge carrier 
mobility in organic materials, which is primarily caused by poor molecular ordering. 
Due to their high solubility in volatile solvents, conjugated polymer films can be 
deposited at room temperature by simple solution-based methods such as drop or spin 
casting.  Further, direct printing techniques, such as inkjet or imprinting, can be used to 
create pixelated devices.  By contrast, small molecule semiconductors (e.g., Alq3 and 
polycyclic aromatic hydrocarbons such as pentacene, anthracene, and rubrene) are 
deposited by thermal evaporation through shadow masks, which results in a 
polycrystalline thin film.16   High purity single crystalline rubrene, for example, is 
prepared by a physical vapor transport technique (PVT).17  Even though this technique 
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can produce large bulk crystals and can be adapted for arrayed devices, mobility is 
relatively low.18  Nevertheless, small molecules generally exhibit better optoelectronic 
performance in devices; therefore, solution-based crystallization and patterning 
techniques enabling direct placement of small molecule single crystals onto a specified 
position are desirable. 
As one possible approach, some organic semiconductor materials transform from 
amorphous thin films into crystalline structures upon solvent vapor annealing.  A 
tetrathiafulvalene (TTF) single crystal OFET was fabricated directly on the channel 
between source and drain from saturated solution,19 but the crystal structure is not 
controllable. Solvent vapor annealing has also been used to improve the electrical 
properties of solution processable triethylsilylethynyl anthradithiophene (TESADT).  
Solvent annealing transformed the amorphous film into a large grain polycrystalline 
structure, which improved mobility.20  
The motivation for this research is building high performance organic field effect 
transistors (OFETs).  The structural phase shifting drives the rubrene crystal to improve 
charge carrier mobility.  We demonstrate a novel crystal growing technique via the 
solvent vapor recrystallization (SVR) technique.  The SVR technique takes advantage of 
the tendency of amorphous organic semiconductor thin films to crystallize during 
exposure to solvent vapor.  While we have achieved growth of Alq3 and rubrene 
crystals at room temperature on silicon substrates, we focus our attention on rubrene, 
which undergoes dramatic structural variation (from the common orthorhombic to the 
monoclinic form) leading to new blue-shifted optical transitions and improved charge 
carrier mobility.  We discuss the interfacial interactions between solvent vapor polarity 




1.3.1 Advantages of OLEDs  
Recently, society has expressed large demand for portable devices and flat panel 
displays.  The main factors to evaluate the display performances are light weight (slim 
design), natural color generation, flexibility with high brightness, contrast, and resolution 
with wide viewing angle, and fast pixel responses with low power consumption and low 
manufacturing cost. The advantages of OLED compared to LCD in display performance 
are listed in Table 1.1.  Currently, LCD and LED flat panel displays dominate the 
display market, but the need for OLED is gradually increasing.  
We can categorize the two main display types by the need for an external light 
source.  LCDs require back lighting to illuminate display pixels, but LED and OLED 
function without an external light source because these devices serve as intrinsically -  
 




emissive pixels.  The LCD is mainly used for its advantages of low power consumption 
and thin display structure.  However, LCDs have poor viewing angle and offer non-
reliable color performance, and are relatively expensive to manufacture.  
 
1.3.2 Fundamental Operation of Organic  
Light Emitting Devices  
Figure 1.3 describes the fundamental operation of LCD and OLED displays.  
LCDs utilize the properties of liquid crystals, which lie in an intermediate state between 
disordered form in a liquid and the ordered form of a solid crystalline.  The LCD 
operates with the liquid crystal modulating the polarization angle of the back light.   
The OLED operates by organic electroluminescence (EL), which is electrically 
driven emission of light from luminescent organic semiconductor materials.  The 
simplest OLED device is basically composed of two active layers, a hole transport -  
 
  




layer (HTL) and an electron transport layer (ETL), sandwiched between a high work 
function anode to inject holes into the HTL and a low work function cathode to inject 
electrons into the ETL as illustrated in Figure 1.4 (left).  The inorganic LED is 
composed of a simple p- and n-type junction structure, comparative to the organic LED in 
Figure 1.4 (right).  Even though inorganic LEDs and organic LEDs have similar 
structures, the fundamental behaviors of inorganic and organic LEDs are actually quite 
different in electronic and optical properties.  These main differences originate from 
carrier injection (space charge limited current) and molecular excitons. 
In the fundamental OLED mechanism, the energy band reaches the equilibrium 
state when the p- (HTL) and n- (ETL) type materials are combined.  In the basic 
operation of the OLED, electrons are injected from the cathode (low work function 
metal) and holes from the anode (high work function metal) when an electrical potential 
difference is applied across the device.  The energy bands of HTL and ETL are lowered 
by applying forward bias so that electrons and holes can transport through the layers.  
The carriers are transported into the desired luminescent layer (electron transport layer, 
ETL in Figure 1.5).  This design of the hetero-junction OLED is based on light emission 
from the electron transport layer.  Thus the electrons are blocked by the higher energy 
barrier of the HTL, but holes easily reach the ETL via the lower energy barrier.  After 
forming excitons to lower the energy, the holes and electrons recombine to generate light 
via photon emission. 
OLED performance can be improved by adding an additional hole injection layer 
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The luminescent layer can be either the ETL or HTL according to the design of the 
energy levels.  The organic materials are chosen by considering their properties of 
mobility and bandgap.   
 
1.3.3. Design of High Performance OLED Structure 
The basic of design of the multilayer OLED is based on the confinement of charge 
carriers within the electroluminescent layer through balanced carrier injection and 
transport.  High performance OLEDs mostly are composed of several organic layers and 
carrier recombination occurs at ETL since the ETL has the ability to accept hole injection 
from the HTL due to the lower energy band.  The multilayer can consist of a blocking 
layer of unipolar HTL or ETL.  The unipolar layers block the passage of hole or electron 
carriers which eventually result in increased carrier recombination probability.  The 
recombination occurs near the HTL/ETL interface and the recombination is restricted in a 
very narrow region, less than 10 nm.  Moreover, efficient design of the multilayer can 
keep the energy of molecular excitons from dissipating into the metal electrodes; excitons 
within 20 nm of a metal electrode can decay nonradiatively into the metal.  Therefore, 
the thickness of HTL and ETL around 50 to 70 nm is required to prevent this quenching 
process.  
 
1.3.4 Organic Light Emitting Materials and  
Their Requirements 
In this research, three small molecule materials are used that exhibit dewetting 
behaviors in the presence of a hydrophobic interface, shown in Figure 1.6.  N-type 




Figure 1.6. Molecular structure of the organic materials used for self-patterning organics 
in HTL and ETL.24 
 
materials in high luminescence OLEDs, which is commonly used as the electron transport 
and emissive material with p-type N,N′-Bis(3-methylphenyl)-N,N′-
diphenylbenzidine (TPD) as the hole transport material, yielding typical green 
electroluminescence around 530 nm.  Alq3 is the most widely used electron transport 
and host emitting material in OLED applications since the molecule is thermally and 
chemically stable and can be evaporated on a substrate as a uniform thin film.  Also, this 
molecule can be easily synthesized and purified, and the molecular structure prefers to 
avoid exciplex formation.  The electron mobility of Alq3 strongly depends on electric 
field with a value of approximately 10-6 cm2/(V s) at 4105 V/cm.  The emission light 
can be tuned by doping a small amount of specific guest molecules in Alq3 or by 
choosing different organic fluorescent materials as emitters.  
5,6,11,12-tetraphenylnaphthacene (rubrene) is a yellow light emitting p-type 
organic semiconductor material with wavelength 560 nm.  Rubrene has been used as an 
electroluminescent, hole transport layer and as a dopant material, which means that 
rubrene can function as host, transport, or dopant material in OLEDs.25  
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The emission of rubrene can be tuned to the red with dopants.  Rubrene is also 
used in white OLEDs (WOLEDs) as a chromaticity tuning layer in hetero junction 
interfaces.26  Rubrene has been used as a dopant and emitting assist dopant in Alq327 
electron transport layers to improve operating efficiency (low propagation loss, 
luminance efficiency, and power efficiency) and to tune the color by controlling rubrene 
concentration, and in NPB28 and TPD29 hole transport layers. 
Besides precise patterning, uniform film deposition is required over large areas and 
the organic materials must function properly in the display.  Organic materials have to 
conserve their uniform amorphous state during the fabrication process since the 
performance of organic thin film devices strongly depends on the morphological and 
structural properties of the film, affecting color purity, device efficiency, and device 
lifetime.30  OLEDs require balanced electron and hole current transport to generate 
efficient electroluminescence.  Electron transport materials (e.g., Alq3) are chemically 
and environmentally sensitive to their processing and operating conditions.  Humidity 
during processing also can cause crystallization of molecules.31  Any morphological 
transformation such as cluster formation or crystallization with overlap of -molecular 
orbitals, which promotes formation of excimers or ground state complexes which 
negatively impacts OLED function in that the emission light is red-shifted and quantum 
efficiency decreases due to an increase of nonradiative recombination pathways, 
eventually resulting in failure of the OLED.32  Therefore, proper fabrication techniques 
and materials properties will be necessary to minimize imperfections so as to achieve 





1.3.5 Patterning and Deposition Methods 
1.3.5.1 Dry Processing 
Deposition and patterning of organic semiconductors are performed by either dry 
processing or wet processing methods.  Organic small molecules are most often 
deposited by thermal evaporation (thermal vacuum evaporation) in a vacuum of ~106 torr 
through shadow masks, offering the advantages of source purity, ease of thickness control, 
and multiple layer deposition (Figure 1.7, left).34  However, shadow masking limits the 
patterning resolution and precision because of the difficulty in making small features (e.g., 
50 m) and in aligning the shadow mask (tolerance of ~5 m).35  The polymer and 
small molecules can be patterned by thermal imaging dry transfer technique, also called 
laser induced thermal imaging (LITI), which utilizes ablation of materials of active 
organic semiconductor materials with using localized heat source forming pixel (Figure 
1.7, right).36  
 
 
Figure 1.7. Dry processing: Thermal vacuum evaporation (Left), Laser induced thermal 





1.3.5.2 Wet Processing 
Wet processing techniques enable the organic electronic devices to be fabricated in 
a simple process at low cost.  Solution based spin-on or spray-on techniques are 
commonly used to deposit polymer films due to their high solubility in various solvents; 
the long polymer chains facilitate uniform film formation across the entire substrate.  
Recent advances in film deposition and patterning techniques have enabled the 
fabrication of micro-OLEDs with fine pixel sizes.  Micropixels are commonly prepared 
by patterning the anode or cathode using photolithography, and blocking the electrode 
contacting area with insulating materials.  Organic small molecules can also be 
deposited with solution-based techniques if the small molecule is soluble in an organic 
solvent. Techniques such as an ink-jet printing,38 roll to roll processing,39 or screen 
printing40 have been demonstrated, but these techniques have limited resolution due to 
large droplet size and spreading of the solution (Figure 1.8).   
For smaller pixels (submicrons), electron beam lithography (EBL) has been used to 
produce submicron patterning, with the smallest nanoscale OLED of 60 nm based on 
silicon nitride holes.  Most nanodevices are fabricated by blocking the ITO contacting -  
 
 
Figure 1.8. Wet processing: Inkjet printing spin casting, roll to roll process.41 
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area and depositing both the organic materials and cathode through holes in the polymer, 
SiO2 or Si3N4 insulators.42  A micro/nanocontact printing technique has been developed 
as a substitute for traditional fabrication techniques utilizing solution-processible 
characteristics, which is nondestructive and reversible for fragile and sensitive organic 
layers.43  In spite of the advantages to high resolution patterning, these techniques are 
only applicable to a small area in laboratory devices. 
Small molecules also can be deposited by the wet processing methods, and we have 
recently demonstrated the deposition of uniform amorphous films of small molecules by 
spin casting.  Unfortunately, there is no straightforward way to pattern organic materials 
by spin casting.  In general, small molecules exhibit better electrical and optical 
properties than polymers; therefore, development of solution-based patterning techniques 
for small molecule devices is of great interest.44 
 
1.3.6 Potential Applications of High Resolution OLEDs 
A potential application of the spin-on patterning technique is in microdisplays, as 
shown in Figure 1.9.  The microdisplay can be used for personal displays such as 
personal glasses and military applications, which require high density of pixels.  A 
microdisplay is defined as a display having a diagonal typically less than 1.5 inch with at 
least 75,000 pixel electrodes and an active area of less than 158 mm2, placed closer than 
10 inch (25.4 cm) to the eyes.  Preferable array sizes are 320240, 640480, or higher.  
The desirable pixel pitch for the microdisplay is in the range of 5-30 m, and 18 m is 
possible in current industrial techniques.45 In this research, high resolution displays are 
designed over an active area 6  6 mm2.  This patterning technique can make it feasible 
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to fit required pixel sizes in microdisplays.  The higher resolution displays are more 
defect tolerant and viewable at close range, which allow production of microdisplays.46 
This patterning technique is also scalable to nanodevices.  For an example, in a 
500 nm pixel device, the pixel density will dramatically increase up to 6.5108/inch2.  
The detailed pixel dimensions of micro- and nano-OLEDs are presented in Table 1.2.  
Nanoscale OLEDs can offer higher device densities per unit area, which enables the 
fabrication of higher resolution displays.  
 
Figure 1.9. Potential applications of high resolution OLEDs; Microdisplays.47 
 
Table 1.2. Pixel array, density, and total pixel area according to pixel sizes 
 
Pixel size Pixel array 
(mm) 




Total pixel area 
(m2) 
100 m 5050 16,129 1/25 25,000,000 
50 m 100100 64,516 2/25 25,000,000 
10 m 500500 1,612,900 2/5 25,000,000 
1 m 50005000 161,290,000 4/1 25,000,000 
500 nm 1000010000 645,160,000 8/1 25,000,000 
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The nanoscale OLEDs can be used as subwavelength light sources for high 
resolution sensing and imaging techniques, and for nanooptical lithography.48  Also, 
nanoscale devices have a potential in near field scanning optical microscopy, nanoscale 
assay systems, near field optical communication (quantum communication), storage 
devices and single photon sources for nanoscale photo-patterning.49,50  The smallest 
possible light source is a single fluorescent molecule or single quantum dot (QD) turning 
on an individual pixel by using scanning tunneling microscope (STM)51 or atomic force 
microscope (AFM)52(c), but this light source is not practically applicable for a device.  
The single light sources can be applied into quantum communication, near field scanning 
optical microscopy, and nanoscale photopatterning.52 These single light sources around 
million molecules congregate and compose nanoscale OLEDs.   
 
1.3.7 Organic Field Effect Transistors (OFETs) 
The organic transistor can be produced by two main categories of materials such as 
polymers and small molecules.  The polymer device can be fabricated at room 
temperature by using spin casting, and printing technology utilizing ink jets or printing 
press methods due to highly soluble characteristic in various solvents, while the small 
molecule device require the use of thermal evaporation using shadow mask.  Well 
known organic semiconductor materials such as Alq3 for organic light emitting device 
(OLED) and pentacene for organic field effect transistor (OFET) have been deposited by 
thermal evaporation. 53   Even though small molecule devices have a difficulty of 
fabrication rather than polymer field effect transistor (PFET), the devices show higher 
mobility and performance than PFET.  Therefore, new technology to overcome the 
difficulties is desired in the small molecule fabrication process because the thermal 
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evaporation technique not only increases fabrication cost, but also damages the fragile 
organic thin film layer.   
The OFET can be fabricated with three main structures: top-contact, bottom 
contact, and top gate structures as shown in Figure 1.10.  The organic field effect 
transistor is composed of either a molecular or polymeric channel connecting source and 
drain electrodes.  In traditional fabrication technique, the gate is deposited on silicon or 
flexible substrate, followed by deposition of either organic or inorganic dielectric film, 
and then source and drain electrodes are thermally deposited onto organic layer or 
dielectric layer depending on preferable structure.  The device is damaged during the 
traditional processing of electrode deposition and etching in the top contact OFET.  The 
source and drain metal electrodes are regularly deposited by thermal evaporation, but this 
technique is not appropriate for high resolution with shadow masking and deforms the 
organic semiconductor layer.   
 
Figure 1.10. Schematics of organic field effect transistor structures: a) MOSFET, b) Top-
contact OFET, c) Bottom-contact OFET, d) Top-gate OFET. 
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The bottom contact OFET generally yields poor device performance rather than 
top contact OFET in that the bottom contact OFET shows nonohmic behavior in the 
linear regime or low-effective mobility.  The poor characteristics can be elucidated by 
the interrupted crystal growth at the triple interface among organic semiconductor, 
dielectric and source/drain electrodes.54  The alternative way to avoid those damages is 
the fabrication of the top gate structure since the operation is same as other structure and 
the metal electrodes are deposited on the substrate.  Even though the bottom contact 
structure possesses poorer electrical performance, the structure provides a better way to 
fabricate a device without any deformation. 
Screen printing and inkjet printing have been introduced as an alternative to the 
vacuum deposition and photolithographic pattering.  Screen printing has a low 
resolution of 100 m, which is not applicable to pattern source and drain electrode with 
high resolution.55  Inkjet printing have been developed with the resolution up to 10 
m.56  For the higher resolution and precise patterning, microcontact printing technique 
has been developed as a substitute of traditional fabrication technique utilizing solution-
processible characteristics.57  Micromolding in capillaries (MIMIC) generates pattern by 
contacting a microchannel stamp onto a surface, which is caused by capillary force.58 In 
another variation, patterned stamp is filled with a prepolymer material and then cured on 
the substrate to create precise patterning.59 A nanometer size patterning can be fabricated 
by nanoimprint lithography (NIL), which is prepared by physical deformation of the 
polymer with pressing the material to a hard stamp.60 Another technique is liquid 
embossing which embosses a liquid polymer layer on the surface to reproduce the recess 
pattern of the stamp.61 The gold drain and source electrode have been fabricated with 
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patterned stamp. The stamp is used to deposit thiols as an etch resist onto gold surface 
and the patterns are completed by good etching.62  
Various attempts have been made to improve the mobility of organic 
semiconductors and increase capacitance of suitable gate dielectrics.  One approach is 
reduction of device dimensions such as channel length that increases current output 
capability and their switching speed, and the decreased channel length can increase the 
effective mobility by reducing the number of grain boundaries in the channel.63  The 
performance of organic thin film devices strongly depends on the morphology of the thin 
film, which can be improved by deposition technique and fabrication technique.  The 
traditional fabrication techniques used to produce OFET structure could cause harmful 
deficiencies to device performance, which deform molecular order and chemical bonding 
in organic semiconductor layer.  Moreover, those fabrication techniques also create 
interfacial trapping sties and barriers to charge injection.64  The optimal fabrication 
technique and conditions result in high performance of OFET.  The improvement of 
structural and morphological defects in the thin film and development of new fabrication 
technique can improve performance as a device, which make possible to rival with 
traditional field effect transistor based on inorganic materials.65  Thus, a nondestructive 
and reversible method is required to fabricate single crystal OFET to avoid processing 
defects.  
 
1.3.8 Optoelectronic Properties of Organic Single Crystal 
Organic semiconductors are conjugated materials bound by weak van der Waals 
force in which charge transport is enabled by the -orbital overlap between neighboring 
molecules.  The - interaction is therefore influenced by molecular distance and 
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ordering; charge carrier mobilities are typically orders of magnitude lower for amorphous 
and polycrystalline thin films.  Charge transport efficiency is limited even in well-
ordered polycrystalline films due to large grain boundaries between misoriented 
crystallites that impede carrier flow.66  The detrimental effect of grain boundaries can be 
minimized by optimizing the thin film growth conditions and substrate surface properties. 
The mobilities can be improved by forming single crystal which provides good 
overlapping of the - orbital with S-S interactions and an intermolecular electronic 
transfer yielding their transport properties.  Reduction of structural and morphological 
defects in thin films or single crystals through the development of new fabrication 
techniques may improve the performance of OFETs to rival that of traditional a-Si 
TFTs.67 
Most widely used organic materials such as thiophene oligomers, polyacenes have 
reached to their theoretical limitation in their electronic performance and it is still unclear 
what influences charge carrier mobility. 68   However, it has been reported that 
orientation of packing molecules parallel without any defects or offset improves charge 
carrier transport mobility.  Most potential small molecule materials for high charge 
carrier moblities are polyacenes and their derivatives, which are basically composed with 
polycyclic aromatic hydrocarbons.  The crystalline structure and phase depends on 
chemical structure and molecular packing, which vary inter-molecular van der Waals 
interactions and eventually change optical and electronic properties due to extension of 
delocalized electrons.  The crystalline transitions of polyacenes have been reported that 
crystalline structure changes from monoclinic to triclinic by adding phenyl rings from 
naphthalene to hexacene.69  The naphthalene and anthracene70 form monoclinc, and 
 
 23
tetracene71 and pentacene72 form triclinic.  The four different structural transitions of 







PRECISE PIXEL PATTERNING AND FABRICATION OF 
HIGH RESOLUTION ORGANIC LIGHT EMITTING 
DEVICES BY SPIN CASTING 
 
2.1 Hypothesis and Specific Aims 
The development of micro- and nanoscale patterning techniques for organic 
materials remains a significant research challenge.  Advanced patterning techniques for 
submicron pixels may enable exceptional OLED performance in high resolution micro- 
and nanodisplays.  The main research goals within this chapter are focused firstly on 
patterning techniques and secondly on device performance.   
The purpose of this research is to implement a new pixel pattering technique for 
high resolution and inexpensive organic micro- and nanodisplays.  Here, we invented a 
novel pattering technique using solution-based deposition for small molecules.  Small 
molecules are uniformly absorbed on the entire predefined pixels by spin casing.  Using 
these techniques, pixels can be addressed row-by-row by contacting a single patterned 
ITO anode line.  This directed patterning technique will overcome the technical 
limitations of patterning high resolution pixels in current displays.  Preliminary work 
suggests that this technique could produce submicron pixels, which would make it 
possible to manufacture nanodisplays in a simple patterning technique.  
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The goals of this research are to:  
1) demonstrate deposition of uniform amorphous small molecule luminescent film by 
spin casting 
2) study morphological and optoelectronic properties of the thin film 
3) demonstrate a novel high resolution patterning technique based on the dewetting of 
organic materials in the presence of predefined pixel region 
4) investigate the physical mechanisms of surface interactions in the dewetting system, 
which drive directed self-assembly of organic small molecules 
5) utilize the directed self-assembly technique in the fabrication of active bottom-
emitting OLED by spin-casting technique 
6) study electrical efficiencies and optical confinement effects as the physical pixel 
sizes are reduced and confined by dielectric materials 
This research follows the “Project Roadmap” shown in Figure 2.1.  
 
Figure 2.1. Project roadmap. 
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The research begins by demonstrating the formation of an amorphous small 
molecule thin film followed by characterizing the material properties of the thin film.  
The experimental results provide information regarding the physical mechanisms for 
forming the amorphous thin film and the properties serve as a base to evaluate device 
performance.  This physical understanding guides the selection of optimal experimental 
conditions for future iterations of the device structure.  Additionally, once suitable 
optoelectronic and morphological properties are achieved, the amorphous thin film is 
incorporated into the directed patterning technique to fabricate and characterize micro 
scale OLEDs.  Following device characterization, the results may then direct further 
research into material properties in order to improve device efficiency by modifying the 
self-assembly conditions.  Finally, physical, optical, and electrical confinement effects 
are investigated as the pixel size is reduced and confined environmentally by dielectric 
materials. 
 
2.2 Experimental Procedures 
2.2.1 Materials   
tris(8-hydroxyquinoline) aluminum (Alq3) (Aldrich) was purified by sublimation 
and N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) (Aldrich) was used as 
received.  5,6,11,12-tetraphenylnaphthacene (Rubrene) (sublimed, Aldrich) was used as 
received. Poly(3,4-ethylendioxythiophene)-poly(styrenesulfonate) (PEDOT) (2.8 wt % 
dispersion in H2O, low-conductivity grade) was diluted with 1:1 ratio in DI water and 
sonificated before deposition.  Octadecyl-trichlorosilane (OTS) (GELEST, INC.) was 
used as received.  Chloroform (ACS grade) was used as received without further 
purification. ITO/glass was purchased from Delta technology (ITO thickness: 100 nm, 
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substrate thickness: 0.7 mm, sheet resistance, Rs: 15 – 25 , nominal optical 
transmittance:  78%).  
 
2.2.2 Thin Film Fabrication 
P-type Silicon wafers [100] (1 – 10 cm) were used as substrates to prepare Alq3 
films for morphology scanning of atomic force microscopy (AFM), X-ray diffraction 
(XRD), photoluminescence (PL) intensity vs. wavelength.  The wafer was diced in 
rectangular pieces and sonicated for 10 min at room temperature and rinsed with DI water, 
and then cleaned with a hot ‘piranha solution’ (25% concentrated hydrogen peroxide, 
75% concentrated sulfuric acid, hazardous solution!) for 1 hr to remove organic 
contaminants and strip original thin silicon oxide surface layer.  Finally, the treated 
substrates were sonicated and thoroughly rinsed with DI water and dried under dry 
nitrogen flow.  This treatment results in a fresh silicon oxide layer of 1.0-1.2 nm with a 
high density of silanol (Si-OH) groups.  The Alq3 solution was prepared with 
concentration of 0.5 wt. % in chloroform.  The solutions were prepared in UV and short 
wavelength filtered clean room lighting in order to prevent from pre-photo-oxidation in 
solution state. The Alq3 solution was then spin-cast at 3000 rpm for 30 seconds on the 
cleaned Si substrate, which results in 50 nm uniform Alq3 thin films.  
 
2.2.3. Thin Film Characterization 
The thickness of organic films was measured by surface profilometry and optical 
ellipsometry.  The amorphous Alq3 films were characterized by using AFM, X-ray 
diffraction (XRD), and photoluminescence to study film properties.  The morphology of 
the thin films was observed by atomic force microscopy (AFM) with intermittent-contact 
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mode with low spring force constant (40 N/m) and resonance frequency (325 kHz).  The 
quality of the film was determined by the roughness measurement (RMS roughness).  
XRD investigation was carried out with a Cu K-alpha standard radiation source (λ = 
1.54060Ǻ) with an acceleration voltage of 45 kV and a current flow of 40 mA.  The PL 
intensity vs. wavelength was measured by a SPEX fluorolog (HORIBA Jobin Yvon Inc.) 
at excitation wavelength 365nm.  The excitation source is a xenon lamp which is passed 
through a monochromator. The excitation bandwidth is approximately 15 nm (-5/+10).  
Collection is done with a second monochromator and detection with a photomultiplier 
tube.   
 
2.2.4. Pixel Patterning   
Microchannel or square well arrays with widths ranging from 100 m down to 10 
m and depths from 0.1 to 1 m in the active area of 6  6 mm2 were fabricated in silicon 
using standard microfabrication techniques.  Prepatterned wells were fabricated by KOH 
wet etching.  The 500 nm silicon dioxide layer was grown by thermal oxidation as a wet 
etching mask.  The SiO2/Si wafers were cleaned via standard cleaning recipe as follows: 
sequential ultrasonic rinse in acetone, methanol, isopropyl alcohol, DI water, and baked 
at 200 C prior to deposition of photoresist.  The microchannels or wells were patterned 
by photolithography using Shipley 1813 positive photoresist and then developed with 
Shipley 352 developer to open etching areas.  The photoresist-patterned wafer was 
baked on hot plate at 120C for 5 min to harden the photoresist to acid.  The wafer was 
etched with BOE to define the following KOH etching region.  The patterned wafer was 
etched for 0.1 ~ 1 m with 60 wt. % KOH at 60C with high speed stirring to remove 
formation of vapor on the Si surface, and then the SiO2 mask was removed with BOE.  
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This special etching procedure leaves a smooth Si surface.  The wafer was diced into 
squares, 13  13 mm2.  The diced substrates were oxidized by oxygen plasma for one 
minute to build a silicon dioxide layer.  The substrates were treated with solution 
method in 1mM octadecyltrichlorosilane (OTS)/toluene solution for 1hr.  The substrates 
were rinsed thoroughly with toluene and chloroform in ultrasonic bath for 10 min each, 
which removes residues of OTS clusters or dust from the surface and leaves a smooth 
nanolayer with thickness 1 to 2 nm.  The OTS treated substrates were hydrophobic with 
contact angle of  90. The 0.5 ~ 1 wt. % Alq3 solutions in chloroform were drop-cast 
through 0.4 m pore size filter on the spinning hydrophobic microchannels and wells 
patterned substrates at 3000 rpm for 30 seconds.  All the patterning procedures were 
performed in UV and short wavelength filtered clean room lighting.  The segregation of 
Alq3 in the microchannels and wells were investigated with optical microscopy and 
fluorescence microscopy.  
 
2.2.5. Micropixel OLED Fabrication   
ITO/glass plate was diced in squares, 13  13 mm2 with active area, 6  6 mm2 to 
fit in the shadow mask.  The ITO/glass substrates were cleaned via standard cleaning 
recipes as follows: sequential rinse with acetone, methanol, isopropyl alcohol, and DI 
water in untrasonic bath for 10 min each.  Insulating microwalls were fabricated in 
SiO2/ITO/glass as described follows.  The SiO2 was deposited onto ITO/glass (bottom-
emitting structure) substrates by plasma enhanced chemical vapor deposition (PECVD) 
(Oxford Plasmalab 80) with deposition rate, 15 ~ 20 nm/min.  The thickness of SiO2 
layer was from 150 to 300 nm, determined by ellipsometry (Spectroscopic ellipsometer) 
and profiler (Tencor P-10 Profilometer).  The substrates were cleaned in an ultrasonic 
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bath with DI water and the wells were patterned by photolithography as described above.  
The micro insulating wells range in width from 100 m down to 10 m. The patterned 
substrates were dry-etched by PECVD (Oxford Plasmalab 80) using CF4 with etching 
rate, 35 ~ 37 nm in depths from 150 nm to 300 nm because wet-etching rate of PECVD 
SiO2 is too fast to control and dry etching provides vertically precise walls.  The 
substrates were treated with 1mM OTS as described in pixel-patterning section.  The 
diluted PEDOT was filtered through 0.4 m pore size filter and spin-cast at 3000 rpm for 
1min, yielding ~ 50 nm film.  The PEDOT film was cured in oven at 120C for 1hr to 
remove the leftover water and improve adhesion of film, and taped off to remove the 
residue layers on the top of prepatterned wells.  The Alq3/TPD mixture was dissolved 
with 1wt. % in chloroform in ultrasonic bath for 10 min.  The mixture was drop-cast 
through 0.4 m pore size filter on spinning substrate.  The segregation of Alq3/TPD 
layers in the microwells was investigated with optical microscopy and fluorescence 
microscopy.  In the case of device fabrication for electrical test, the patterned substrates 
were protected from light until loading in thermal evaporation system and the observation 
with optical microscopy and fluorescence microscopy were passed over.  All the 
fabrication procedures were done in nitrogen ambient grove box to prevent from photo-
oxidation of the organic films.  After patterning the Alq3/TPD pixels, LiF/Al (bottom-
emitting structure) were deposited as the electron injection and the cathode in high 
vacuum thermal evaporation system with a base pressure less than 10-6 Torr and 
deposition rate, 0.5 ~ 1 Å/s.  The devices were completed by packaging using optical 





2.2.6. OLED Characterizations 
EL spectra (EL intensity vs. wavelength) were measured by a multichannel 
spectrometer. Luminance-current-voltage characteristics (L-I-V) were measured by using 
a radiometer and a digital voltmeter (computer controlled Keithley 236 source) until the 
curves saturate.  The completed OLEDs were mounted onto the surface of a silicon 
photodiode module (PIN-10D, OSI optoelectronics) in the forward emission direction.  
All the tests were done in air because the ultimate goal of this report is a processing 
technique using mixed active organic layer, which will reduce the efficiencies, and to 
prove that practical device can be made by spin-on patterning technique.  
 
2.3 Results and Discussion 
2.3.1. Characterization of Spin-Cast Films 
In this patterning technique, obtaining an amorphous film with uniform surface 
coverage within the prepatterned grids is the main concern because emission color and 
local current density with applied voltage strongly depend on film quality.73   The 
morphological and structural properties were investigated by atomic force microscopy 
(AFM) and X-ray diffraction (XRD).  AFM scanning of spin-cast Alq3 showed smooth 
and uniform films with no obvious cracks or pinholes, with 2.9 Å RMS surface roughness, 
as indicated in Figure 2.2.  Interestingly, spin-casting produced a smoother surface than 
thermal evaporation (RMS roughness 3.7 Å).  
XRD scans indicated that Alq3 films prepared by both thermal evaporation and 
spin-casting are in the glassy amorphous state.  An amorphous film without 





Figure 2.2. AFM topographic scans obtained using intermittent-contact mode; scan sizes 
are 500 nm × 500 nm. A) thermally evaporated film (thickness: 50nm, RMS roughness: 
3.7 Å) and B) spin-cast film (thickness: 50nm, RMS roughness: 2.9Å).  
 
boundary.  Figure 2.3. shows a typical photoluminescence (PL) emission peak of Alq3 
film around 520 nm, producing green emission.  The PL efficiently addresses any 
structural or chemical structural changes for Alq3 molecules during spin casting process.  
The PL spectrum can be disturbed by impurities, stress, or morphological deformations in 
the film during the deposition process.  If the film undergoes stress during deposition, 
the PL emission peak blue shifts, while the formation of crystalline structures in the film 
causes the emission peak to red shift.8  Thus, PL measurement provides a sensitive 
diagnostic of film properties.  As shown in Figure 2.3, the emission spectra of spin-cast 
























Figure 2.3. PL spectra of Alq3 film deposited by thermal evaporation (square, blue) and 
by spin-casting (circle, red).  The excitation wavelength is 365 nm. 
 
2.3.2. Pixel Patterning 
Here, we demonstrate a pixel patterning method by spin-casting combined with a 
structured surface to achieve directed self-assembly of Alq3 pixels with well-defined 
pixel size and long-range order.  Figure 2.4 describes the spin-on patterning processes of 
Alq3 on a prepatterned silicon substrate.  The silicon substrate was wet-etched by KOH 
to obtain a smooth surface.  The addition of hydrophobic octadecyltrichlorosilane (OTS) 
to the surface discourages the adsorption of Alq3/TPD, thereby resulting in selective 
deposition in the prepatterned microchannels or wells. Alq3 (or rubrene) solution in 
chloroform was dropped onto the spinning micropatterned substrates.  The organic 
molecules on top are unstable and move toward the edges of the substrate during spinning, 





Figure 2.4. Schematics of the spin-on patterning process onto prepatterned substrates. 
 
The organic films formed in the prepatterned channels and wells were observed by 
florescence microscopy with pixel sizes ranging from 10 m to 100 m, as shown in 
Figure 2.5.  5,6,11,12-tetraphenylnaphthacene (rubrene) is a p-type organic 
semiconductor material, yielding greenish-yellow emission at around 560nm.  Rubrene 
is used to demonstrate that this technique can be used for various organic materials 
(Figure 2.5).  Rubrene films were also formed precisely and uniformly within the pre-
patterned channels.  Without OTS treatment, a uniform organic film forms across the 
entire substrate.  Figure 2.6 shows the florescence images of rubrene and the Alq3 on 




Figure 2.5. Photoluminescence images of patterned Alq3: the widths of square pixels 
(wells) are 10 m (left on the top) and 50 m (right on the top), and the widths of channel 
pixels are 10 m (left on the bottom) and 50 m (right on the bottom), respectively.  
Excitation is at 365nm. 
 
 
Figure 2.6. Photoluminescence images of patterned rubrene: the widths of channels are 




Figure 2.7. Photoluminescence images spun cast of Alq3 without OTS treatment: the 
widths of square pixels (wells) are 50 m (left on the top) and 50 m (right on the top), 
and the widths of channel pixels are 50 m (left on the bottom) and 50 m (right on the 
bottom), respectively.  Excitation is at 365nm. 
 
Pattern formation is described by four components: surface hydrophobicity, 
polarity of the solvent, solvent evaporation rate, and centrifugal force (rotational velocity).  
Initially, organic molecules in a nonpolar solvent spread out across a hydrophobic surface 
during spin-casting.  However, a hydrophobic surface with high density OTS repels 
electrically nonpolarized organic molecules in a nonpolar solvent to decrease the 
contacting area.  The organic molecules trapped in the prepatterned wells are 
immobilized due to the rapid evaporation rate of the solvent during spin-casting.  This 
phenomenon indicates that the organic molecules are driven to the correct interfacial 
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energy during spin-casting, which leaves the organic molecules as a thin film by 
centrifugal force.  
The spreading coefficient S determines the wettability of a liquid (Alq3 solution) 
on a solid surface (OTS-treated hydrophobic surface): 
 
SLLVSVS                                                     (2–1) 
 
where γSV  is the solid-vapor interfacial energy, γLV is the liquid-vapor interfacial energy, 
and γSL is the solid-liquid interfacial energy (Figure 2.8).  If S > 0, the surface is 
considered wettable, and if S < 0, dewetting occurs.   
When the interfacial energies are in equilibrium, we obtain the interfacial energy 
SL from Young’s equation:74 
 
 
Figure 2.8. Schematics of interfacial energy in Young’s equation 
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0cos0  LVSLSV                                                 (2–2)               
                                                
where 0 is the equilibrium contact angle of the OTS nanolayer (~ 100), and LV 
(chloroform: 0.027 J/m  at 25 C) and SV (OTS: 0.024 J/m  at 25C) are known values.   
The resulting spreading coefficient is negative by equation (2-1).  Thus, we can predict 
that the organic film is dewetting on the OTS nanolayer during spin-casting.  





2.3.3. Reference OLED Characterization 
OLED structures based upon Alq3/TPD have been studied widely since these 
materials typically produce efficient performance for green emitting displays.   The 
device structure in this research consists of stacks of PEDOT/TPD- Alq3/LiF/Al as the 
best performance for Alq3 based OLEDs has been obtained with this structure.   The 
effects of the electron injection layer (EIL) and hole injection layer (HIL) for device 
performance in Alq3 based OLEDs are summarized in Table 2.1. 
The energy diagram and the structure of top- and bottom-emitting structures are 
described by using: 1) rubrene as luminescence and HTL layers, 2) Alq3 as luminescence 
and ETL layers in Figure 2.9.  The design of stacking organic and metal layers is critical 
to device performance, since charge injection and transport are the limiting factors in 
determining operating voltage and quantum and luminance efficiencies.  Besides 
organic materials, the selection of proper hole and electron-injecting electrode materials 
can also improve device efficiencies.  A LiF/Al bilayer is chosen for the cathode 
because LiF is thermodynamically stable and results in lower turn-on voltage, and the 
stack of LiF/Al provides higher EL efficiencies than a Mg:Ag cathode.  
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Turn on Max. EL 
Bottom ITO/Diamine/ Alq3/Mg:Ag 1000 at 10V – – 1 
Bottom ITO/TPD: Alq3:PMMA/Mg:Ag78 300 at 15V – – – 
Bottom ITO/TPD/ Alq3/Al 250 at 25V 12 1.4 0.34 
Bottom ITO/TPD/ Alq3/LiF/Al 828 at 25V 9 1.98 0.49 
Bottom ITO/Cupc/TPD/ Alq3/LiF/Al 1150 at 25V 9 4.51 1.1 
Bottom ITO/PEDOT/TPD/Alq3/LiF/Al 1760 at 25V 3 8.2 2 











1700 at 10V 2 6 – 
2O/m-MTDATA 
Trans. ITO/TPD/ Alq3/Mg:Ag/ITO82 500 at 10V 3 – 0.1 
Trans ITO/TPD/ Alq3/LiF/Mg:Ag/Alq383 3.4 – 2.8 – 
 
Test devices were fabricated by spin casting uniform Alq3/TPD layers prior to 
making pixel patterned devices.  The structure with a PEDOT hole injection layer is 
ITO/PEDOT/TPD/Alq3/LiF/Al.  Figure 2.10 shows the bottom emitting structure and 
corresponding energy band diagram.  The single emissive layer is a mixture of tris (8-
hydroxyquinoline) aluminum (Alq3) as the electron transport and emissive material and 
N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) as the hole transport material, 





Figure 2.9. HOMO and LUMO level of the materials with respect to vacuum level, a) top 
emitting rubrene OLED, b) bottom emitting rubrene OLED, c) top emitting Alq3 OLED, 
d) bottom emitting Alq3 OLED. 
 
 
Figure 2.10. Bottom-emitting structure and energy band diagram of Alq3 based OLED. 
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Despite the advantage of solution-based techniques of high-speed deposition rate, 
the solvent used in the technique can chemically destroy any predeposited layers, which 
would limit the device performance significantly.  Hence, the ETL (Alq3) and HTL 
(TPD) materials are blended into one solution, which enables a single layer device. 
It has been noticed that spin casting provides a smoother surface than that prepared 
by thermal evaporation.  We tested the possibility to improve the affinity of the 
Alq3/TPD organic layer with the ITO interface by spin casting a hole injection layer, 
poly(3,4-ethylenedioxythiophene)–poly(styrene) (PEDOT/PSS).  A smooth organic 
interface results in reduction of electrical shorts and in the threshold voltage.84  The 
roughness test by AFM shows that PEDOT smoothes the rough ITO layer (RMS 
roughness: 8.4 Å) by twofold (RMS roughness: 4.1 Å), but subsequent deposition of 
Alq3/TPD increases roughness (RMS roughness: 7.5 Å) as shown by AFM images in 
Figure 2.11.  However, the Alq3/TPD layer on PEDOT is smoother than if directly spin 
cast on ITO (RMS roughness: 1.7 nm).73  The initial PEDOT roughness on ITO/glass is 
comparable to other published reports which is about 1 – 3 nm because the polished 
ITO/glass provides a smoother surface than normal ITO/glass.85,86 
Figure 2.12 shows the L-I-V characteristics of non-PEDOT and PEDOT devices.  
The Alq3 based OLED prepared by spin casting has a turn on voltage around 6V to 8V.  
The use of PEDOT reduces the turn on voltage closer to 6V from ~7.5V and provides 
linear current injection because PEDOT reduces the energy barrier by about 0.2 eV 





Figure 2.11. AFM topographic images scanned by intermittent-contact mode.  Scan size 
is  500 nm × 500 nm: 1) ITO (RMS roughness: 8.4 Å) 2) ITO/PEDOT (RMS roughness: 























































































Figure 2.12. Forward-biased current – voltage characteristics, light output – voltage and 
light output – current characteristics of test device prepared by spin casting with PEDOT 
and non-PEDOT, a pixel area is 0.22 cm2.  
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Charge injection and transport are primarily responsible for operating voltage and 
luminance efficiency.  We do not expect to obtain higher efficiency than a single 
heterojunction device prepared by thermal evaporation since we use mixed HTL/ETL 
layer to achieve a one step patterning process.  Charge balance is an important factor in 
OLED efficiency and the heterojunction is an effective structure by reducing non-
radiative exciton recombination pathways by inducing hole and electrons in an emissive 
host layer.  The PEDOT device shows lower current density above 11V and lower 
electroluminescence intensity above 13V as compared to the non-PEDOT device.  
However, the electroluminescence as a function of both current and the current density 
exhibited by the PEDOT device shows that it operates more efficiently than the non-
PEDOT device.  This is because the hole current is limited by injection and PEDOT 
increases hole injection to TPD, which drives an increase in the electron/hole 
recombination rate. 
 
2.3.4. Fabrication of Micropatterned OLEDs  
This solution-based spin-on patterning technique can resolve the problems of local 
pixel array and size through the use of photolithography, which allows higher resolution 
patterning of OLED pixels compared to shadow masking; here, we demonstrate pixels as 
small as 10m.  This single step solution-based approach to forming precise patterns of 
amorphous Alq3 is ideal for large area OLED pixel arrays.  The process of fabricating a 
bottom-emitting structure using the spin-on patterning technique is presented in Figure 
2.13.  Insulating microchannels and wells are fabricated in SiO2 using microfabrication 
techniques.  SiO2 is deposited onto glass/ITO by plasma enhanced chemical vapor 
deposition (PECVD).  The wells range in width from 50 m down to 10 m, and in 
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depth from 150 nm to 300 nm.  Prior to spin-casting the organic layers, substrates are 
treated with OTS in order to inhibit adsorption of organic molecules on the top surface, 
yielding selective deposition in the wells.  PEDOT is spin-cast on the substrate before 
spin casting of the Alq3/TPD layer.  The ideal thickness of the active organic layer is 
100 nm, and the ideal thickness is 50nm for PEDOT.  After patterning the Alq3/TPD 
pixels, LiF and Al are deposited by thermal evaporation as the electron injection layer 
and cathode, respectively, in sequence and packaged to prevent from the degradation of 
the organic film in air.  The fabrication process is described in Figure 2.13.  
In this technique, obtaining an amorphous film with uniform surface coverage in 
the prepatterned regions is the main objective, because the local current density with 
applied voltage strongly depends on film qualities.  Figure 2.14 shows scanning electron 
microscopy (SEM) and photoluminescence images of the patterned OLED pixels.  The 
SEM images (a) and (b) were taken after dry-etching the SiO2 layer.  The 
photoluminescence images were taken after deposition of the OTS nanolayer and spin-
casting of the Alq3/TPD layer.  One limitation of this spin-on patterning technique is 
that the solution is driven into the edges of the prepatterned channels or wells.  Sample 
(c) is prepared by spin-casting Alq3/TPD on an OTS treated substrate without the PEDOT 
layer.  The image clearly shows accumulation of organic at the edges, which will 
eventually drop the device efficiency.  Uniform thickness is important since the 
operating voltage required for light emission is strongly dependent on the thickness of the 
organic materials.  PEDOT can be deposited on the OTS treated prepatterned substrate 
as a hole injection layer.  In addition, the PEDOT layer prevents edge accumulation as 





Figure 2.13. Process flows of fabrication of bottom emitting OLED by using spin-on 
method. 
 
Figure 2.14. Scanning electron microscopy images: a) width 50 m, b) 50 m, and 
photoluminescence images of practical OLED pixels: c) without PEDOT, width 50 m, 
d) with PEDOT, 50 m. Excitation is at 365 nm. 
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2.3.5. Characterization of Micropatterned OLEDs  
Figure 2.15 shows the electroluminescence emission spectrum of the patterned 
Alq3 based OLED, which shows the expected broad peak starting from 450nm through 
800nm and maximum EL intensity at 542nm.  This spectrum is close to that of typical 
Alq3 based OLEDs but slightly red-shifted compared with the PL of spin-cast Alq3 film.  
The small offset may be the result of slight change in the film morphology, which causes 
higher density of reside molecules in the film due to typical characteristics of the spin 
casting method.  In addition, the shifting could be the result of mixing of Alq3 and TPD, 
where TPD affects the emission wavelength in a mixed state. 
The micropatterned device without the OTS layer operates without current leakage 
and at a lower threshold voltage and higher current density as compared to the test device, 




















































































































Figure 2.16. Electroluminescence – Current density – voltage (L – J – V) forward-biased 
characteristics of test device, patterned non-OTS and patterned OTS devices prepared by 
spin-casting. 
 
geometrical structure.  The test device consists of a flat organic layer on the ITO/glass 
substrate, while organic layers are deposited into wells with 150 nm to 300nm depths in 
the patterned device.  This geometrical variation can induce an increase of density of 
chromophore due to centrifugal force during spin casting, which drives organic molecules 
to cluster in a closed area.   
There are three factors to determine efficiency of OLED including charge carrier 
balance, radiative recombination, and light out coupling.  If the injection of one charge 
carrier is unbalanced, the minor charge carrier will interact with excitons which result in 
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decay as nonradiative recombination.  This higher density can reduce transport rate of 
hole to the recombination interface, which balances the number of electrons and holes 
and increases recombination rate because holes are the major charge carrier due to higher 
mobilities and small energy barrier than that of electrons.  The EL efficiency depends on 
current density, which means higher charge injection and transport through organic layers 
and the device operates at lower applied voltages.  This higher density drives higher 
current density that results in higher electroluminescence intensity by enhancing 
probability of recombination interface.   
In micropatterned OTS devices, there is no current leakage observed at low 
voltages, but an abrupt change in current occurs in the I – V characteristics beyond 4V, 
which increases the current density, but leaves the threshold voltage around 5.8V, which 
is the same as the reference device.  The EL intensity increases linearly and rises above 
the test device from 12V.  A thinner organic layer provides a higher current density at 
the same applied voltage.  However, this device operates with higher current density 
than the reference device and the micropatterned non-OTS device, and eventually 
generates higher EL intensity than the reference device.  This could imply that the hole 
injection is improved or provides reduced resistance through OTS layer at inorganic-
organic interface.  The OTS device is not superior in operation than the non-OTS device, 
but the EL intensity versus current plot indicates that the OTS device works more 
efficiently than the reference device at high current.  The OTS device shows lower 
efficiency at low current and passes over the test device beyond currents of 1.5 mA.  
This phenomenon can account for the abrupt current change at the low voltage.  This 
change may generate Joule heating from the high current density rather than compensate 
in light emission.  The role of OTS in OLED is not fully understood, whether the OTS 
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layer increases or interrupts hole injection, and if this high density of OTS nanolayer 
functions to prevent electrical shorts.  
The data obtained from the tests can determine the quantum efficiency () and the 

























p    sin)(),(2powerelectricconsumed emittedfluxnumber       (2–4) 
 
The quantum efficiency provides the comprehensive result of the EL processes (the 
injection of carriers, the formation of excitons, recombination of the electron and holes, 
and light emission), and the luminous efficiency gives more practical information.  The 
internal quantum efficiency ( int ) and external quantum efficiency ( ext ) can be 
expressed as:   
 
21int    and 321  ext                                        (2–5) 
 
where   is the fraction of excitons formed from the electrons, which is close to 1.  1  
is the luminance efficiency of the excitons, the ratio of singlet exciton and triplet exciton.  
From spin-statistics, only 25 % of excitons are in the siglet state, which relaxes to the 
ground state in order to conserve spin and generate fluorescence.  Therefore, we lose 
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75% of the excitons to the triplet states. 2  represents intrinsic quantum yield, the 
fraction of transitions from the singlet exciton to the ground state that are radiative.  The 
variable 3  is out-coupling efficiency defined as the fraction of the light emitted at the 








emission n                              (2–6) 
 
ined by the device structu e and the refractive indices (n) of the 
surface
This value is determ r
composed layers because light is trapped in organic thin films by total internal reflection 
and finally absorbed in the devices, which loss is about 80%.  Thus, maximum external 
quantum efficiency is about 2 ~3 %, as presented in Figure 2.17. 
 
 
Figure 2.17. Roadmap of external quantum efficiency. 
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The micro  higher current 
densit
reflection (TIR) at the 
ITO/g
 light in the device can be extracted by embedding low index grid, 
which
 up the periodic 
insulat
patterned devices generated higher EL intensity with
y compared to nonpatterned flat devices.  This phenomenon could be the result of 
the confined structure with low refractive index of silicon dioxide (n~1.46).  In 
conventional OLEDs, the light out-coupling efficiency is limited to ~20% due to the 
relatively high refractive index of the organic active and surrounding layers, which results 
in optical confinement in the organic materials.  This light is trapped as waveguided 
mode, which consequently decays nonradiatively (40~60%).  Figure 2.18 describes ray 
diagram of bottom-emitting OLED and loss of light efficiency.87 
Another mechanism of light trapping is total internal 
lass/air interface, which results in glass mode propagation (20~40%) by Snell’s law 
(Figure 2.19).   
The trapped
 eventually improves out-coupling efficiency.88  This is due to geometrical effect 
with low refractive index in that SiO2 patterning changes the direction of trapped light by 
refraction toward free space.  Figure 2.20 describes a possible ray direction in the 
patterned bottom emitting structure considering the geometrical effect. 
Another way to improve light emission efficiency is to build
ing wall with a photoresist which has higher refractive index (1.6~) rather than 
organic layer (1.5 – 1.8) or SiO2 (1.5).  This refractive index in the structure will 
improve light out coupling efficiency.  The final external efficiency from current 
theoretical predictions is estimated as 2 – 3 %.  Therefore, desired quantum efficiencies 
() and luminous efficiencies (P) in this research are close to 2 % and 8.2 %, which 





Figure 2.18. Ray diagram of bottom emitting organic light emitting device.87 
 
 













OPTOELECTRONIC PROPERTIES OF N-TYPE Alq3 AND 
P-TYPE RUBRENE SINGLE CRYSTALS GROWN  
BY SOLVENT VAPOR RECRYSTALLIZATION 
 
3.1 Hyphothesis and Specific Aims 
The development of single crystallization technique for organic materials remains a 
significant research challenge.  It is well known that OFETs require a crystalline 
morphology for high charge carrier mobility and efficient device operation.  As such, 
the organic semiconductors commonly studied for OFET applications tend to form 
either large polycrystalline grains or large single crystals, and significant effort has been 
made to improve the crystallinity through various deposition and processing techniques.   
In this research, we apply a novel crystallization technique to tris(8-
hydroxyquinoline)aluminum (Alq3) and 5,6,11,12-tetraphenylnaphthacene (rubrene).  
This solvent-vapor-assisted recystallization technique takes advantage of the tendency of 
organic semiconductor materials to transform from amorphous thin films into crystalline 
structures during exposure to solvent vapor.  Crystalline Alq3 will be investigated as a 
potential n-type semiconductor for OFETs.  Rubrene is a p-type semiconductor, and has 
the highest reported hole mobility at room temperature for a single crystal OFET.  The 
n- and p- type materials will be crystallized by using the solvent-vapor-assisted 
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recrystallization to achieve in-plane growth of Alq3 and rubrene single crystals directly 
on a device substrate, with the crystals positioned in prepatterned transistor channels. 
The purpose of this research is to implement a new crystallization technique for 
improving crystallinity and materials properties for optoelectronic applications.  Here, 
we invented a novel crystallization technique using solution-based deposition for small 
molecules.  
The goals of this research are to:  
1) demonstrate the organic single crystal formation via solvent vapor recrystallization 
technique 
2) improve the crystallinity via solvent-assisted-recrystallization technique 
3) study optoelectronic properties of phase-shifted organic single crystals  
4) utilize the recrystallization technique to fabricated n- and p- type transistor and 
characterize optimal transistor performance 
5) develop crystal array technique by solvent vapor recrystallization without low 
resolution shadow mask 
6) study electrical performance of the single crystal as OFET application 
 
3.2 Experimental Procedures 
3.2.1. Sample Preparation 
Parylene substrate is prepared by chemical vapor deposition (CVD) for 3 m which 
provides hydrophobic surface with contact angle  90.  The reactor consists of a quartz 
tube with one closed end and three temperature zones.  The dimer para-xylene is 
vaporized in the vaporization zone at ~ 100 C cleaves in the pyrolysis zone at ~ 700 C, 
and polymerizes in the deposition zone at room temperature and pressure ~ 0.1 Torr. 
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Rubrene is highly soluble in aromatic or chlorine-based solvents.  Rubrene solution is 
prepared with concentrations of 4 ~ 8 wt. % in ACS grade chloroform and toluene by 
sonification and heating the solutions until reaching saturated state.  The solutions are 
prepared in fluorescent lighting filtered clean room in order to prevent from pre-photo-
oxidation in solution state.  The amorphous thin films were prepared by thermal 
evaporation and spin casting on the silicon substrate.   
 
3.2.2 Physical Vapor Transport and Solvent  
Vapor Recrystallization 
Phycical vapor deposition is used to deposit thin firm or growing crystal with 
condensation of vaporized form. The process includes high temperature vacuum 
evaporation with subsequent condensation in the glass tube as described in Figure 3.1.  
Orthorhombic rubrene crystals are grown in a horizontal glass tube by physical vapor 
transport in argon flow in an ambient pressure.  The temperature of the tube was 
maintained between 310 C and 240 C.  The crystals were grown on the surface of 
room temperature glass tube. Even though the physical vapor transport technique 
provides pure single crystals, the technique can offer only large bulk crystals on random 
places.  
For the preparation of solvent vapor recrystallization, silicon substrate was placed 
in a glass jar equipped with a solvent beaker and then the jar was sealed to evaporate a 
desired solvent.  The solvent was vaporized until vapor pressure was equilibrated in the 
entire volume.  After the vapor filled in the jar, the vapor releasing needle was placed on 
top of the septum to lower vapor pressure since the surface of substrate is wet in the 




Figure 3.1. Schematics of crystal growth of physical vapor deposition.89 
 
septum by using microneedle as described in Figure 3.2.  The solvent evaporated slowly 
through the needle to nucleate the crystal.  Alq3 crystals grown by solvent vapor 
recrystallization method are shown in Figure 3.3 and rubrene crystals are shown in result 
part. 
Alq3 and rubrene crystal are grown in chloroform and methanol.  Two different 
types of n and p type materials formed totally different crystalline structures.  Figure 3.3 
shows Alq3 crystals grown in chloroform, in air, and methanol solvent ambient after 24 
hrs exposure time.  Alq3 is an octahedrally coordinated chelate complex of the type 
MN3O3.  There are three molecules of Alq3 in the asymmetric unit.  This octahedrally 
coordinated complex crystallizes in the triclinic space group.  Chloroform is nonpolar 
solvent with boiling point 61C and polarity 4.8, and methanol is polar solvent with 





Figure 3.2. Schematics of solvent vapor recrystallization (SVR). 
 
 
Figure 3.3. Alq3 crystal formation: left) in chloroform, center) in air, right) in methanol. 
 
From here, we will focus on rubrene crystal because the molecule showed 
exceptional transition of crystalline structure and optical properties.  The result will be 
discussed in Chapter 3 results. 
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3.2.3. Crystal Characterization 
The PL intensity vs. wavelength was measured by SPEX fluorolog (HORIBA 
Jobin Yvon Inc.) at excitation wavelength from 370 to 470nm.  The excitation source is 
a xenon lamp which is sent through a monochromator.  The excitation bandwidth is 
approximately 15 nm (-5/+10).  Collection is done with a second monochromator and 
detection with a photomultiplier tube.  XRD investigation was carried out with a Cu K-
alpha standard radiation source (λ = 1.54060Ǻ) with an acceleration voltage of 45 kV and 
a current flow of 40 mA.  The high resolution XRD was done in fixed slits 1/2 degree 
0.02 radian soller slits with X'Celerator detector in full 2.2 degree active mode scanning 
by rotating sample set at 2sec/revolution.  X-ray crystallography was performed as the 
following description.  An yellowish-orange prism shaped crystal 0.35 x 0.30 x 0.23 mm 
in size was mounted on a glass fiber with traces of viscous oil and then transferred to a 
Nonius KappaCCD diffractometer equipped with  Mo K radiation ( = 0.71073 Å).  
Ten frames of data were collected at 150(1)K with an oscillation range of 1 deg/frame 
and an exposure time of 20 sec/frame with COLLECT Data Collection Software. 
Indexing and unit cell refinement based on all observed reflection from those 10 frames, 
indicated a monoclinic P lattice.  A total of 14210 reflections (Θmax = 27.5) were 
indexed, integrated and corrected for Lorentz, polarization and absorption effects using 
DENZO-SMN and SCALEPAC.90  Postrefinement of the unit cell gave a = 11.1686(2) 
Å, b = 21.7199(4) Å, c = 13.6222(3) Å,  =103.2309(10), and V = 3216.77(11) Å3.  
Axial photographs and systematic absences were consistent with the compound having 
crystallized in the monoclinic space group P21/c.  The structure was solved by a 
combination of direct methods and heavy atom using SIR 97.91  All of the nonhydrogen 
atoms were refined with anisotropic displacement coefficients.  Hydrogen atoms were 
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located and refined isotropically using SHELXL97.92  There is a disordered solvent 
molecule (chloroform) in the asymmetric unit.  The weighting scheme employed was w 
= 1/[2(Fo2 ) + (0.0637P)2  + 0.8712P] where P = (Fo2 + 2Fc2 )/3. The refinement 
converged to R1 = 0.0462, wR2 = 0.1102, and S = 1.025 for 5222 reflections with 1> 2
(I), and R1 = 0.0759, wR2 = 0.1258, and S = 1.025 for 7376 unique reflections and 578 
parameters.93  The maximum / in the final cycle of the least-squares was 0.001, and 
the residual peaks on the final difference-Fourier map ranged from -0.336 to 0.307 e/Å3.  
Scattering factors were taken from the International Tables for Crystallography, Volume 
C.94 
 
3.2.4 Fabrication of Organic Field Effect Transistors 
The OFETs is fabricated with bottom contact structure, which enable deposition of 
solution directly onto channels and rotation of crystal in the desired direction.  Both 
Alq3 and rubrene are highly soluble in common organic solvents, and previous work has 
shown that amorphous films of these materials tend to crystallize when exposed to 
solvent vapor. In this technique, the device substrate is situated in solvent vapor ambient, 
and a solution of the organic semiconductor is drop-cast onto the source and drain 
electrodes.  The crystal formation completes the fabrication of a transistor (gold gate, 
parylene gate insulator, gold source and drain electrodes, Alq3 or rubrene semiconductor).  
The crystal morphology is controlled by the solution concentration, the vapor 
concentration, and the vapor exposure time. Also, the anisotropic mobility should be 
considered to fabricate organic semiconductor channel.  
The fabrication process is described in Figure 3.4 for parylene based and 3.5 for 





Figure 3.4. Process flow of bottom contact OFETs using parylene dielectric layer. 
 
Figure 3.5. Process flow of bottom contact OFETs using SiO2 dielectric layer. 
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as a bottom insulator.  The SiO2/Si wafers are cleaned via standard cleaning recipe as 
follows by sequential ultrasonic rinse in acetone, methanol, isopropyl alcohol, and DI 
water.  A thin film of parylene C is chosen as the bottom insulator and the dielectric 
material.  This material forms transparent pinhole-free conformal coatings as thin as 0.1 
m with excellent dielectric and mechanical properties.   
The SiO2 wafer is treated by oxygen plasma (Oxford plasmalab80) for 1 min to 
build up silanol group on the surface.  The wafer is modified with silane A174 for 2 hrs 
to increase surface affinity with parylene layer.  The parylene is deposited onto the SiO2 
wafer for 3m as a bottom insulator and buffer layer.  The source and drains are 
patterned by photolithography using Shipley 1813 positive photoresist and then 
developed with Shipley 352 developer. Cr/Au/Cr layers are evaporated (Temescal BDJ-
1800 electron beam evaporator) on patterned substrate for 5 nm (0.5 nm/s), 20 nm (50 
nm/s), 5 nm (0.5 nm/s), respectively, defining the gate electrode.  The parylene is 
deposited onto the gate patterned SiO2 wafer for 0.5 m as a dielectric layer.  The source 
and drains are patterned by photolithography. Source and drain layers are deposited onto 
patterned dielectric parylene layer (Cr/Au: 5 nm/20 nm, respectively) and then the layers 
are lift off to define the patterning area.  The fabricated transistor is placed in the jar and 
then the solution is drop cast on the channel.  The solution is crystallized by solvent 
vapor recrystallization.  
 
3.2.5. Measurement of Electrical Properties 
The charge carrier mobility can be estimated as follows.  The capacitance of the 







 0 ), for parylene dielectric film (HP 4284A Precision LCR meter, 100 Hz, 2 V 
bias).  Current-voltage measurements are performed using a semiconductor parameter 
analyzer (Agilent 4156C).  These measurements show characteristic transistor behavior 
with resolved linear and saturation regimes.  At low VD, ID increases linearly with VD 
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where L is the channel length, W is the channel width, Ci is the capacitance per unit area 
of the insulating layer, VT is the threshold voltage, and  is the field effect mobility, 
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3.3 Results and Discussion 
5,6,11,12-tetraphenylnaphthacene (rubrene) has been studied widely in optical,96 
morphological,97 and electrical properties98 because the rubrene crystal provides efficient 
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ways to study intrinsic charge transport phenomenon.  Rubrene has four twisting phenyl 
side groups on tetracene backbone.  Although tetracene forms triclinic, one of tetracene 
derivative, the rubrene mostly forms orthorhombic crystalline structure.  This phase 
shifting suggests that the crystalline structure of rubrene can be altered by controlling 
crystal growing methods and conditions.   
 
3.3.1. Solvent Vapor Recrystallization 
The crystallization technique is based on solvent vapor diffusion into organic 
material, reorienting molecular distance among neighbor molecules and surface 
interactions between solvent, organic molecule, and substrate. 
In the SVR technique, an organic material (in saturated solution) is placed on a 
substrate and subsequently exposed to solvent vapor in a closed environment.  
Numerous conditions affect the morphology and form of the resulting in-plane crystals, 
including the polarity and concentration of the solvent, temperature and pressure, time of 
exposure, and hydrophilicity/hydrophobicity of the substrate.  Rubrene is dissolved in 
chloroform and dropped onto the substrate by a microsyringe.  Exposure to the polar 
solvent methanol or nonpolar solvents chloroform and toluene is carried out at room 
temperature and atmospheric pressure.  Solvent vapor exposure times range from 1 hr to 
1 week.  Figure 3.6 shows the optical micrographs of polycrystalline morphology.  The 
saturated rubrene solution was dropped on silicon substrate in air out of solvent vapor 
system. 
Figure 3.7 shows optical micrographs of rubrene crystals grown in methanol and 
chloroform vapor ambients at different exposure times.  Note that, in contrast, air 




Figure 3.6. Optical microscopy images of rubrene polycrystalline structures grown by 
solvent vapor recrystallization in air. 
 
crystals after 1 hr of solvent vapour exposure in both methanol and chloroform, with 
average size about 50-100 m.  These crystals begin to branch and form needle-shaped 
filaments.  After this point, there is a significant difference between methanol and 
chloroform in that, after about 12 hrs exposure to chloroform, distinct rod-like crystals 
begin to form. 
Toluene ambient showed similar behavior to grow decent single crystals.  This 
ambient of toluene vapor produces formed yellowish-orange crystals on silicon wafer.  
The crystals were grown as big as 3 by 3mm crystals with distinct facets after 1 week 
(Figure 3.8).  The crystals grown for 24 hrs and 1 week showed different crystalline 
facet, shown by optical microscopy. 
Hydrophilic silicon and hydrophobic parylene coated silicon substrates were used.  
Hydrophobicity of substrate changes interfacial energy between the surface of substrate 
and organic materials, which result in extension of in-plane single crystals.  Figure 3.9 





Figure 3.7. Optical microscopy images of rubrene crystals grown by solvent vapor 
recrystallization in methanol: a) 1hr b) 24 hrs and in chloroform: c) 1hr d) 6 hrs e), 12 hrs 
f) 24 hrs.  
 
Figure 3.8. Optical microscopy images of rubrene crystals grown by solvent vapor 
recrystallization in chloroform: a) 24hrs and b) 1 week. 
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The surface properties of the substrate also offer a unique approach to controlling 
crystal growth in that a hydrophobic surface can promote formation of larger crystals.  
This preferential growth can be responsible for surface interactions and surface 
diffusivities.99  Parylene is composed of a phenyl backbone, while rubrene has phenyl 
side groups in the tetracene backbone.  These nonpolar chemical structures react 
favorably to drive nucleation on the surface.  Further, the rougher surface of parylene 
film (with higher surface energy) promotes crystallization as compared to the smooth 
Si/SiO2 surface.100 
The initial amorphous film is presumed as a stable fluidic layer with extremely 
high viscosity.  The thin film contacting substrate has two kinds of interactions between 
molecules in the film and between the molecules and the surface of the substrate. 
When the solvent vapor diffuses into the film, the film would start to change 
physical properties. The film would undergo dewetting in the initial diffusing stage. And 
then, the wet film would convert to a hydrodynamic stage.  Finally, the molecules will 
begin to reorder molecular stacking and form the crystalline structure.    
 
 
Figure 3.9. Optical microscopy images of rubrene crystals grown by solvent vapor 
recrystallization in chloroform on parylene substrate. 
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And then, the wet film would convert to a hydrodynamic stage.  Finally, the 
molecules will begin to reorder molecular stacking and form the crystalline structure.  
The formation of crystals indicates transition of interfacial force in the three phases.  
The interfacial energy between rubrene film and SiO2 hydrophilic substrate (rubrene-
substrate) has low energy.  However, the interfacial energy increases as a solvent vapor 
diffuses into the molecules of the film, while solvent-substrate become lower to wet the 
entire substrate. 
In the molecular notion, the static, stability, and dynamics of the thin film are 
caused by intermolecular forces.  The intermolecular interactions are surface tension, 
van der Waals forces, electrostatic forces, structural forces, and elastic strains between 
molecule and molecule, and between molecule and surface.  All of these interactions are 
responsible for complex crystallographic dynamics. 
Figure 3.10 shows the 2 X-ray intensity data collected on the rubrene crystals.  
The crystals grown in chloroform have decent peaks indicating single crystals compared 
to the crystals grown in methanol showing polycrystalline XRD patterns.  We can see 
that the rubrene crystal grown in chloroform exhibits a structural phase-shifting from 1hr 
to 24 hrs.  Figure 3.11 shows photoluminescence (PL) spectra of rubrene crystal grown 
in methanol and chloroform.  Interestingly, the rubrene crysal grown in chloroform 
shows optical transition compare to the rubrene crystal grown in methanol.  The 
molecular symmetry and orientation in crystalline structure are mostly responsible for 






























Figure 3.10. XRD 2 plots of the rubrene crystals grown by solvent vapor 



























Figure 3.11. PL spectra of the rubrene crystals grown by solvent vapor recrystallization 
in methanol (Pink) and chloroform (blue) vapors: a) 1hr and b) 24hrs. 
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3.3.2. Crystal structure 
Three polymorphic crystal phases for rubrene have been reported to date.  
Monoclinic was first reported in 1936,101 and a triclinic phase was reported in 1962.102  
However, the growing methods were not described and the lattice parameters reported are 
not consistent with the Cambridge database.  The most widely known crystal structure is 
orthorhombic, first reported in 1971 (a=14.44, b=7.18, c=26.97, α=90, β=90, γ=90)103, 
but also in 1983 (a= 7.18Å, b=14.43Å, c=26.89Å, α=90, β=90, γ=90)104 and 2006 (a= 
26.86Å, b=7.19Å, c=14.43Å, α=90, β=90, γ=90). 105   Figure 3.12 shows 
crystallographic structure of orthorhombic and monoclinic. 
For comparison to our crystals grown by SVR, we tested a rubrene crystal grown 
by physical vapor transport (PVT) in the Optoelectronic Materials Laboratory at the 
University of Utah, which should take orthorhombic form (note that this crystal has been 
oxidized in air).  The morphological and crystallographic properties of rubrene crystals -   
 
Figure 3.12. Crystallographic structure: top) orthorhombic, bottom) monoclinic. 
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were determined by X-ray diffraction (XRD); Figure 3.13 shows the 2 versus X-ray 
intensity data collected.  The SVR rubrene crystal grown in chloroform exhibits a 
distinct phase change from 1hr to 24 hrs of growth. Neverthless, the oxidized 
orthorhombic rubrene crystal matches with a previous reported XRD pattern with sharp 
peak, 7 representing (002) plane and including weak peaks of 12, 20, 26, and 40.  
The presence of rubrene peroxide in the orthorhombic crystal does not change the XRD 
patterns.106  Also the shifting of photoluminescence implies that there is structural 
transition in the crystal system.  We will discuss further the optical transition related 
with crystalline transition in the following section.  The XRD pattern for the 1 week 
crystal exhibit totally different patterns compared to pattern of crystal grown by PVT, and 
has been determined through X-ray crystallography to be monoclinic form. 
We rescanned these samples using high resolution XRD in order to obtain specific 
crystallographic parameters for the different phases (Figure 3.14).  The crystallographic 
parameters for the 1hr crystal are a=21.06, b=17.99, c=14.72, α=90, β=90, γ=90 and 
for the 24 hrs crystal, a=16.86, b=16.86, c=23.64, α=90, β=90, γ=90.  The likely 
crystalline structures are orthorhombic and tetragonal, respectively; however, these 
crystal structures are likely not single phase because there are hidden small peaks found 
in high resolution XRD and different lattice parameters from a previous report.   
The expected orthorhombic and tetragonal crystalline structures are as shown in 
Figure 3.15. The crystallographic parameters are summarized in Table 3.1.  The 
monoclinc 1 represents the report in 1936 and monoclinc 2 for monoclinc crystal grown 
by SVR for 1 week and the orthorhombic 1 presents the report in 2006 and orthorhombic 
2 for the crystal grown by PVT in Optoelectronics Lab.  The crystallographic data of 

































Figure 3.13. XRD 2 plots of the rubrene crytals grown by solvent vapor 
recrystallization in chloroform vapor: a) 1hr, b) 6hr, c) 24hrs, d) 1week, and e) oxidized 
rubrene crysal grown by physical vapor transport, and f) sublimed rubrene power. 
 





Figure 3.15. Crystallographic structure: top) orthorhombic, bottom) tetragonal. 
 
Table 3.1. Crystallographic parameters for various rubrene polymorphic crystals. 
 Monoclinic 1101 Triclinic102 Orthorhombic 1105 Orthorhombic 2 Monoclinic 2 
a (Å) 15.5 (17.9) 11.60 (14.65) 26.86 27.74 21.71 
b (Å) 10.1 (10.1) 9.15 (9.15) 7.19 7.16 11.16 
c (Å) 8.8 (8.8) 7.16 (7.16) 14.43 14.26 13.62 
 () 90 (90) 105.53 (112) 90 90 90 
 () 90.55 (120) 112.97 (115) 90 90 103.23 
 () 90 (90) 90.98 (52) 90 90 90 
V(Å3) 1377 675 2788.51 - 3216 
 (Mg/m3) 1.284 1.31 (1.23) 1.269 - 1.412 
 
* The crystallographic data of monoclinic, triclinic, and orthorhombic 1 are taken from 
Cambridge data base and the data in parentheses are taken from the reference paper. 
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3.3.3. Transition of Crystal Phase 
The rubrene has interesting characteristic that absorbs oxygen on photo-irradiation 
or oxygen diffusion in solution and in solid state, which forms an oxy-rubrene or rubrene 
peroxide (C42H28O2).107  The characteristic of oxidation is utilized to create oxygen 
bond in the rubrene and this bonding can create three types of rubrene peroxide isomers 
with noticeably different molecular structures.108   The major formation of rubrene 
peroxide by photo-oxidation is isomer 1 as shown in Figure 3.16.  The rubrene crystal 
grown by PVT mostly form orthorhombic crystalline structure, and the diffusion of 
oxygen in orthorhombic crystal does not change crystalline structure, but adds oxygen on 
the surface of rubrene molecules.109  The concentration of oxygen gradually decreases 
from the surface. 110   However, the introduction of oxygen in solution by 
photoirradiation creates oxygen bonding in tetracene backbone, and provides higher 
concentration of rubrene peroxide.111  Figure 3.16 illustrates photooxidation process of 
rubrene molecule.  The rubrene molecule loses electorons by photoexitation and reacts 
with oxygen under influence of radiant energy.  
 
 




The photooxidation of rubrene to form rubreneperoxide follows the simple reaction 
scheme.112  
 
R  R hv
R + O2  RO2 (stable) + R 
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This crystallization of rubrene by photo-oxidation was also investigated by 
comparing two crystals grown in UV filtered room and light exposed room.  The crystal 
grown in an UV filtered room formed a red color cluster, but the crystal grown in light 
crystallized to a decent single crystal formation with bleached color which proves that 
crystalline phase change is caused by photooxidation.  Figure 3.17 shows chemical 
structure of pure and oxidized rubrene molecule and crystalline packing viewed from 
crystallographic down a, b, c-directions.  
This rubrene peroxide isomer has two oxygen bondings in tetracene backbone, 
which is called isomer 1.114  The addition of two oxygen single bonds in tetracene 




a) Orthorhombic b) Monoclinic
a) Orthorhombic 
b) Monoclinic 
Figure 3.17. Chemical structure of orthorhombic rubrene and monoclinic rubrene 
peroxide (left); Rubrene crystalline packing structure viewed from crystallographic down 
a, b, c-directions (right).  
  
and also changes the dihedral angle of 4 phenyl ring side groups.  This shift of backbone 
and diffusion of solvent vapor provides a vacant space between molecules in order to 
rotate and twist molecules.  This change of molecular structure alters molecular ordering 
and creates a new crystalline structure from orthorhombic to monoclinic.  The packing 
structures of orthorhombic and monoclinc indicate that the orthorhombic structure is 
highly packed in b-direction and the monoclinic in c-direction.  The oxidation of 




Figure 3.18. PL spectra of a) pure rubrene crystal, b) oxidized rubrene crystal.115 
 
3.3.4. Optical Transition 
Figure 3.19 shows the photoluminescence (PL) spectra of the rubrene crystals 
grown in chloroform.  The excitation wavelengths are 370 nm for monoclinic, and 470 
nm for orthorhombic and intermediate forms.  As shown above, the rubrene crystals 
grown in chloroform vapor ambient exhibited interesting results, which shift crystalline 
structure and PL emission wavelength.  The PL efficiently addresses any structural or 
chemical changes in ruburene molecules.  These PL spectra imply that a change is 
progressing in the rubrene crystal with optical transition as a function of exposure time.  
The orthorhombic rubrene crystal grown by PVT more red-shifts with weaker 
intensity at typical emission 560 nm than pure single crystal grown by PVT in a vacuum, 
and shows absence of a ridge.107  This is because the surface of crystal is oxidized easily 




Figure 3.19. PL spectra of the rubrene crystals grown by solvent vapor recrystallization 
in chloroform vapor: a) 1hr, b) 6hr, c) 12hrs, d) 24hrs, e) 1week, and d) oxidized rubrene 
crystal grown by physical vapor transport. 
 
new peak at 614, which is caused by the presence of rubreneperoxide on the surface.  
However, the oxygen related new peak is comparable to the previous report, 640nm 
because the shifting of the new peak strongly depends on the concentration of rubrene 
peroxide in the crystal and the exposure of the crystal in air is not sufficient to grow 
rubreperoxide.116  
Despite the fact that the monoclinic crystal grown in solution includes much higher 
concentration of rubreneperoxide in the crystal reaching almost 100%, compared to 
oxidized rubrene crystal, the monoclinc rubrene crystal after 1 week shows blue shifting 
with two ridges whose maximum intensities are at 486 and 523 nm.  The emission is 
shifted 128 nm from that of the orthorhombic crystal, whose maximum intensity is at 614 
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nm.  The blue shifting was also observed at 380 nm by excitation 242 nm with 
rubreneperoxide in solution state.108 
The transition from 1 hr and 24 hrs is considered as mixture between orthorhombic 
and monoclinic.  We can predict that the 1 hr crystal has more portions of orthorhombic 
form with and PL spectra and a different lattice parameter that is shrunk in a-direction 
and stretched in b-direction compared to the orthorhombic crystal grown by PVT.  The 
rough portion of orthorhombic form in 1 hr is estimated about 90% and monoclinc 10% 
with the peak strength.  The PL of 1 hr crystal shows broad red-shifting peak which 
overlap maximum wavelength of orthorhombic crystal around 614 nm and new peaks 
around 574 nm.  The intermediate form of 6 hrs and 12 hrs shows overlapping around 
614nm and decreases gradually with evolution of new peaks around 574 nm which also -   
 
 




gradually increase as the time increases.  From 12 hrs, a new peak close to monoclinc 1 
week crystal shows up and gradually increases the peak intensity, which enormously 
proves that the portion of monoclinc is increasing.  The PL of 1 week crystal eventually 
shows complete blue-shifting peak which has broad extension with maximum peaks at 
523 nm and 486 nm.  The PL peak is broader than other PL spectra, which is cased 
because the molecular orientation changed the molecular interactions and thermal 
vibrations. 
Another interesting optical behavior of rubrene crystal grown by solvent vapor 
recrystallizaiton is that the photoluminescence intensity is much higher than that of a 
crystal grown by physical vapor transport.  Figure 3.20 shows PL intensity of thin film 
of 1wt%, 4wt%, monoclinic crystal (grown by solvent vapor recrystallization), and 
orthorhombic crystals (grown by physical vapor transport).  The arbitary unit intersity is 
3.3E4 (1wt%), 7.99E6 (4wt%), 1.12E7 (monoclinic), and 6.82E4 (orthorhombic), 
respectively. 
 
3.3.5. Optical Properties Related to Crystal Structure and Defect 
 These PL changes can be explained by structural change or reorientation of 
molecules as well as molecular and orbital energy values in the growing conditions and 
any defects in the crystal system.  The defects in the organic crystal system can be 
chemical or structural defects.  We can consider that structural and chemical defects in 
lattice sites modify electronic properties, mostly energy level, and provides an additional 
pathway of radiative exciton recombination.  The structural defect can be lattice 
deformation, which creates lattice vacancy.  This vacancy decreases in its polarization 
energy and acts as antitrap, which will scatter the carrier without trapping.  The 
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chemical impurities distort the host lattice to produce a vacant orbital in the forbidden 
energy bandgap to create trap site or act as carrier scattering centers.  The presence of 
impurities is well known defect in organic semiconductor devices and the impurities in 
organic crystal can be solvent, isomer, or by-product.117   The oxygen is a major 
impurity of rubrene and this oxygen diffusion as a dopant provides acceptor state in 
energy bandgap, and changes charge transport in rubrene crystal which increases hole 
concentration in the HOMO level.  The oxygen impurity in stable state changed the 
shape of chemical structure and profile of energy bands, which result in formation or 
prevention of trap.118  This oxygen bonding changes molecular structure as well as 
molecular and orbital energy values.  The molecular energy bandgap (HOMO-LUMO) 
changes in -orbital from 6.26 eV to 7.3 eV, in -orbital from 6.19 eV to 7.17 eV, and 
dipole moment from 0.001 debye to 2.548 debye.114  Even though the oxidation 
increases the molecular energy gap, the PL of oxidized orthorhombic rubrene shows red-
shifting.  The orthorhombic crystal is red-shifted because the crystallization mostly 
alters emission to longer wavelength by organized parallel molecular packing that 
provides increase of - overlapping and eventually produces increase of electronic 
delocalization.  When molecules get closer, molecules form an excited state dimmer by 
the interaction between an excited singlet state and an unexcited molecule.  This 
formation of excimer affects in emission, which results in broad and red shifting 
compared to disordered monomer or amorphous thin films.  Moreover, the oxygen in the 
rubrene provides alternative pathways to quench the radiative recombination pathway in 
the orthorhombic crystal at 600 nm, and creates new more red-shift peak due to trapping 
of electron in acceptor state.116   
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From this optical transition of oxidized orthorhombic crystal, we should have more 
red-shifted PL of the monoclinc crystal with higher concentration of rubreneperoxide, but 
the PL is blue-shifting from 1hr to 1 week.  This significant spectral difference between 
orthorhombic and monoclinc rubrene can be also interpreted by a new formation of 
crystal system and molecular symmetry and orientation.  An intermediate form of the 
crystal from 6 hrs to 24 hrs exhibits an optical transition to the shorter wavelength.  This 
is due to the allowed optical transition of lowest vibrational energy level that is otherwise 
disallowed in the single-crystal orthorhombic form.  This transition is mostly not shown 
at room temperature in ambient pressure.  In solid state, the intramolecular vibration is 
an important factor to determine emission wavelength by selection rules, oxcillator 
strength and energetic position which is governed by molecular packing or crystalline 
structure.  This change is responsible for the interaction of adjacent molecules and 
crystal lattice parameter, which changes dipole moment.  Also the oxygen defect 
increases molecular energy bandgap and dipole moments.  The increase of energy 
bandgap influence on PL shifting, and the increase of dipole moments allow 0-0 
molecular exciton transition to couple to molecular vibration.  This phenomenon is 
described in Figure 3.21. 
 
3.3.6. Charge Carrier Mobility 
Rubrene has four twisting phenyl side groups on a tetracene backbone.  It has 
been expected that the side groups reduce -orbital overlapping, which weakens 
intermolecular interactions, and eventually drops charge carrier mobility.  However, 








































Figure 3.21. Schematic representation of transition to allowed lowest vibrational energy. 
 
room temperature and contact-free intrinsic mobility up to 40 cm2/VS.120  This result 
reversed our understanding that conjugated polycyclic aromatic hydrocarbon without 
bulky side groups increase -orbital overlap with neighboring molecules and this is a 
main factor in improving charge carrier mobility.  The origin of this high hole mobility 
has been studied by calculating electronic structure and vibrational reorganization energy 
in crystallographic axes.  The rubrene showed more efficient reorganization energy and 
electronic coupling compared to tetracene and pentacene due to low-frequency motions 
of the phenyl side groups.  The efficient large electronic coupling was found in the 
crystallographic b-direction121 (parallel packing with offset) with cofacial -stacking 
interactions, which is in accord with the highest mobility in crystallographic b-
direction.122  Figure 3.22 describes the molecular packing and charge carrier mobility 
depending on packng structure.  The orthorhombic structure (left) shows parallel with 
offset and 15.4 cm2/V.s for b axis and 4.4 cm2/V.s for c axis, while monoclinic structure 




Figure 3.22. Schematics of molecular packing: left) orthorhombic, right) monoclinic. 
 
Based on these results, the main factor to improve electronic properties would be to 
design a chemical structure, and control molecular packing mode that interact efficiently.  
A rubrene crystal grown by PVT forms an orthorhombic structure with higher - 
stacking in b-direction and a heringebone motif in c-direction. The phenyl rings form a 
balanced dihedral angle of 25 because of steric repulsion between the phenyl rings in 
planar tetracene backbone.  A rubrene derivative with tert-butyl side groups in the two 
bulky phenyl groups, C50H44.  5,11-Bis(4-tert-butylphenyl)-6,12-diphenylnaphthacene 
formed monoclinic even though grown by PVT.  The two side groups changed 
interplanar separation between two adjacent parallel molecules and twisted backbone, 
which result in decrease of -* stacking (a=23.52Å, b=9.02Å, c=17.7Å, α=90 β=95.92 
γ=90). 123   The rubrene crystals were also grown by solvent evaporation 
 
 85
recrystallization with toluene, p-xylene, aniline solvents, and 1,2-dichloroethane (DCE) 
solvent.  Those crystals are unlikely to interact with solvents during processes.  Those 
crystals grown from toluene and p-xylene exhibited orthorhombic crystalline structure 
with the same XRD peaks with rubrene power crystals, and showed charge carrier 
mobilities up to 0.75 cm2V-1s-1.124  
The effective charge carrier mobility strongly depends on orientation of crystal on 
the transistor channel.  A single crystal is a solid state in which atoms or molecules are 
packed in a regular and repeating order in all three spatial dimensions, but there is better 
packing direction according to crystallographic axes in terms of electronic properties.  
The strong - stacking creates higher electron and hole transport characteristics through 
channel.  Moreover, the lattice constant along the a and b axes and the anisotropic 
character of inter - and intramolecular vibrational modes are responsible for the improved 
electronic properties.  The p-type rubrene crystal is orthorhombic with herringbone 
molecular packing.  The strong anisotropy of the field effect mobility occurs within the 
a-b plane of single crystals of rubrene.  These excellent properties are derived from the 
wetting contact between laminated rubrene and paryelene dielectric interface, and high 
purity of rubrene crystal indicating the importance of crystalinity of organic 
semiconductor material and the crystal orientation.   
The highest mobility would be obtained by molecular packing in the c axis of 
rubrene crystal due to compact packing in the direction.  Figure 3.23 shows molecular 
packing in a different side of view.  The c axis is clearly seen to have compact packing 
compared to a and b axis.  Needle like crystal formed with chloroform solvent ambient 
for 12 hrs would offer higher mobility since the crystal was completely wet between 




Figure 3.23. Rubrene monoclinic packing structure viewed from different angles. 
 
The close packing is also dependent on the distance of molecules shows molecular 
distance and molecular distance of pentacene (left), rubrene (right, orthorhombic), and 
rubrene (down, monoclinic) are described in Figure 3.24.  The monoclinic structure has 
molecular distance; 0.23Å, 0.56Å, and 6.8 Å in a, b, and c directions, which proves that 
the monoclinic structure is better packed than pentacene and orthorhombic rubrene 
crystals. 
In addition, a high density of peroxide could modify transport characteristics and 
increase conductivity in oxygen related band. Despite the fact that the impurities in 
polymer increase the conductivity by improving high density of hopping states, the 




Figure 3.24. Molecular distance in a crystalline packing; left) pentacene, right) rubrene, 
orthorhombic, down) rubrene, monoclinic. 
 
creating traps.125 However, the oxygen was introduced by annealing in oxygen ambient to 
study doping effect, and the oxygen increased carrier density at equilibrium and reduced 








As mentioned, the development of micro- and nanoscale patterning techniques for 
organic materials, especially for small molecules, remains a significant research 
challenge because advanced patterning techniques for submicron pixels may enable 
exceptional OLED performance in high resolution micro- and nanodisplays and decrease 
manufacturing cost. 
In summary, in this research a solution-based patterning technique is demonstrated 
for fabricating high resolution Alq3 OLED pixels based upon spin-casting combined with 
a structured surface consisting of etched channels or wells.  This method achieves 
precise pixel placement and geometry, and long-range order dictated by 
photolithographic methods.  This patterning technique formed uniform amorphous films 
with small molecules, which is a critical condition for OLED performances.  This result 
indicated that small molecules can be deposited by solution based spin-casting method 
rather than typical thermal evaporation, which is commonly used for depositing small 
molecule materials.  The amorphous film property is proved by AFM, XRD, PL that the 
film shows good surface coverage and uniformity without crystallization.   
Also, we discovered that this hydrophobic surface treatment changing interfacial 
energy can control molecular aggregation.  The structured surface is modified with OTS, 
which serves to direct solution into the etched areas (pixel patterns).  
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The Alq3 based OLED with PEDOT layer as an hole injection layer reduced the 
turn on voltage and made linear current injection due to lower energy barrier as published 
previously.86  This directed self-assembly technique is applied in the fabrication of 
active bottom-emitting OLED by spin-casting technique.  The patterned OLEDs 
operated in a higher current density compared to flat thin film devices and performed 
higher electroluminescence intensity at lower applied voltages.  This result implied that 
the geometrical change improved efficiency of light-output or hole injection is improved 
by embedding OTS layer.  This low refractive index patterning with a combination of 
spin-casting method may result in higher current density and provide higher 
electroluminescence intensity and improvement of out-coupling efficiency.   
In general, this result suggests that the patterning technique could produce 
submicron pixels, which would make it possible to manufacture nanodisplays in a simple 
patterning technique. Also this technique should also be compatible with conjugated 
polymers73,126 and may offer a promising solution to front-end patterning of molecular 
organic semiconductors for high resolution large area, low cost display applications. 
We demonstrated a solution-based novel growing technique of rubrene single 
crystal.  The solvent vapor transport technique enables the rubrene molecule to form a 
desired crystalline structure by crystalline phase shifting by controlling the polarity of 
solvent vapor and exposure time.  We also showed a new crystalline structure of rubrene 
peroxide crystals, which is not possible to grow with other known methods such as 
physical vapor transport.  Interestingly, this new crystal formation occurred only in the 
chloroform vapor ambient.  This new monoclinc crystal exhibited crystalline phase 
shifting as well as optical transition to the lowest vibrational energy level that is 
otherwise disallowed in the single crystal orthorhombic form.  The transformation of 
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crystalline phase is proved by High resolution X-ray diffraction (XRD) and 
photoluminescence (PL).  Also, the new crystal growing technique enables the growth 
of a high concentration of rubreneperoxide in the crystalline structure by photo-
irradiation or oxygen diffusion.  This optical transition is basically due to transformation 
of molecular symmetry and orientation, which changes molecular and orbital energy level, 
providing additional pathway of radiative exciton recombination.  This new crystalline 
formation with high concentration of rubrene peroxide has a potential to be utilized in 
optoelectronic devices for higher mobility because the rubrene peroxide increases 
conductivity on built-in surface conduction channel.  The structural symmetry 
simulation of XRD offered that the highest mobility would be obtained by molecular 
packing in the c axis due to compact packing in the direction.  Moreover, this solution-
based new crystallization technique enables a direct crystal growing method on a desired 













First of all, we need to better understand the role of OTS on the electrical device 
properties, and further efforts to improve device performance are needed.  It should be 
noted that OTS is a well-known gate dielectric layer for OTFT’s.127  The functional role 
of OTS in this fabrication method is as a hydrophobic layer,128 so organic monolayers 
with other terminal ends should be investigated for possible improvements in device 
performance.  
As mentioned, spreading coefficient ‘S’ determines wettability of a organic film 
related interfacial energy and equilibrium contact angle, so the contact angle of 
chloroform on OTS layer should be further studied to investigate the physical 
mechanisms of surface interactions in the dewetting system, which drives the directed 
self-assembly of organic small molecules. 
The EL showed red-shift compared to PL of spin-cast Alq3.  This change of 
emission wavelength needs to be studied in order to determine whether the mixing of two 
molecules (Alq3 and TPD) or OTS layer affects this change and whether this effect has 
an influence on improved device performances.  This can be studied by changing ratio 
of Alq3 and TPD in the mixed solution, which will form different concentrations of 
molecules in the active film. 
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 The role of OTS in OLED is not fully understood, whether the OTS layer 
increases or interrupts hole injection, and if this high density of OTS nanolayer functions 
to prevent electrical shorts.  Therefore, the improvement of current density with 
patterned device structure needs to be studied whether the higher density of molecules in 
the segregated film or OTS layer induced better charge injection and transport by 
modifying surface interface or reduction of resistance between organic and inorganic 
interface.   
The outcomes of stronger EL intensity need to be further studied by investigating 
quantum efficiency to determine whether the patterning with low refractive index or 
higher density of molecules in the film or OTS layer improved this EL efficiency.  We 
will further study EL efficiency by defining turn on voltage and calibrating luminance 
meter in an integrating sphere. 
The nano- or submicron pixels could provide higher EL intensity due to optical 
confinement.  The electrical efficiency caused by optical confinement effect will be 
investigated as the pixel sizes are reduced from micron to nanometer size.  The ratio 
between total girth and area of 500 nm pixels will be much larger (8/1) than that of 100 
micron pixels (1/25), and pixel density of nanometer pixels is much larger 
(6.5108/inch2) even though total pixel area are same for OLEDs of all pixel sizes 
(2.5107m2).  If OLED pixel size reduces to smaller than the pixel size of 
microdisplays, OLEDs begin to show larger EL intensities caused by the optical 
confinement effect of photons in the submicron sized OLED array.129  We hypothesize 
that nanometer size pixels will show unique emission properties (higher EL intensity) in a 
confined emitting area surrounded by an insulating wall due to the optical confinement 
effect of photons, caused by the interactions between the transition dipole moment of an 
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excited molecule in one dimension and its surroundings, leading to: 1) increase of 
localization and density of state, 2) decrease of luminescence life time due to nanoscale 
confinement, resulting in faster spontaneous emission.130 
It is still now fully understood why the allowed transition is occurred with 
crystalline phase change.  The study of molecular and orbital energy is needed to 
investigate optical transition.  This study will prove whether this transition is caused by 
crystalline defect or molecular aggregate effect.  This transition of physical mechanisms 
can be studied by investigating surface energy, interfacial energy, and glass transition 
temperature, while vapor annealing time increase gradually.  The experiments will seek 
to verify the hypothesis by observing surface energy of the substrate by contact angle, 
glass transition temperature of organic semiconductors by thermo-gravimetry analysis 
(TGA), and by varying experimental conditions: solvent vapor exposure time and vapor 
annealing temperature.  
This nondestructive and reversible crystallization technique enables further study 
of optical and electrical properties with different directions of plane and angles without 
processing defects. The crystal on the electrodes can be replaced and rotated into 
different axis onto dielectric layer between source and drain electrode.  The flexibility of 
both dielectric and the substrate enables assembly of organic crystal and elastomeric 
stamp surface by van der Waals forces causing a wetting.  Figure 5.1 describes the way 
to measure electrical performances as crystallographic direction. This fabrication 
technique enables nondestructive and reversible ways to organic layer to build up the 
OFET structure and to study anistropic charge transport.  
The charge carrier mobility can be studied based on the XRD result of packing 













Figure 5.1. Schematic representation of soft lamination technique, a) Gate, dielectric, and 
source/drain electrodes deposition on parylene, b) transistor fabrications by lamination of 
an organic crystal onto source/drain electrodes as crystallographic directions.  
 
plane and angles need to be studied to verify the molecular conduction in the crystal 
system and PL efficiency in different direction.  This study will provide critical 
information on molecular and orbital energy for advanced optical applications such as 
lasers, photodetectors, and optical modulators and electronic applications such as OFET, 
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